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SEQUENCE DEVELOPMENT AND EXPANSION OF ZERO J-MODULATION ECHO-
PLANAR CHEMICAL SHIFT IMAGING IN THREE DIMENSIONS (3D ZJ-EPSI) 
Hamed Mojahed 
580,350 (35%) of 1,660,290 cancer patients are estimated to die in the US in 
2013.  Routine monitoring by X-Rays and CT scans are hazardous and evaluating this 
disease is time consuming.  Magnetic Resonance Spectroscopy (MRS) has changed this 
mal-routine significantly in the past few years.  MRS can help with better understanding 
of tumor pathology, study of tumor vascularization and progress, and having a predicting 
value for the treatment response and disease-free survival of the patients even before they 
start their treatment.  Unfortunately, MRS is still not a common practice among the 
medical community because of three main reasons: First and far most is the fact that 
MRS acquisition is usually very time consuming.  For a classic 1H 3D MRS with a spatial 
matrix of 20x18x10 with TR = 1000 ms, the scan time is about 1 hour which is 
“practically” impossible to acquire on a patient.  Second, MR time is extremely 
expensive.  Depending on the site, specific procedure, and strength of the magnet a simple 
MR study can cost somewhere between 1000 to 3500 US dollars.  Finally, non-
standardized MRS acquisitions and analysis protocols could create havoc in interpretation 
and usefulness of the technique.  MRS scan parameters such as spatial resolution and echo 
times have been used non-uniformly in variety of different combinations in research and 
clinical studies.  These parameters must be chosen with utmost care as they have direct 
impact on signal to noise ratio, quantification of the metabolites, and an overall 
interpretation of the results. 
 For the reasons said, having a method that could shorten the length of an MRS 





huge value.  3D Zero J-modulation Echo Planar Chemical Shift Imaging (3D ZJ-EPSI) is 
a fast MRS technique that can not only achieve all that was mentioned above, it can also 
provide additional detailed anatomical/pathological information due to its 3D nature.  
  3D ZJ-EPSI technique acquires proton magnetic resonance spectroscopy with time 
to acquisition (TEˊ) of less than 1.7 ms and zero J-modulation effects.  3D ZJ-EPSI 
consisted of a slab excitation, followed by two phase encoding gradients and an echo 
planar switching readout gradient.  The Free induction decay (FID) acquisition occurred 
during the plateaus of the switching gradient.  The lipid suppression was achieved via ten 
Regional Saturation Technique (REST) pulses placed prior to the main slab excitation 
RF.  The water suppression technique was a chemical shift selective (CHESS) pulse with 
RF-80º-80º-160º that was placed prior to lipid suppression pulses.  The sequence was 
tested on a brain metabolite phantom with spatial resolution of 15×15×6 mm3 in 4:04 min, 
yielding spectra with comparable quality to the spectra obtained using conventional 
chemical shift imaging (CSI) technique taking 56:34 min.  The sequence was also tested 
on human subjects with spatial resolution of 15×15×6 mm3 and 7.5×7.5×6 mm3 and the 
metabolic ratios were calculated and compared to literature values.  Signals of coupled 
resonances were improved due to near zero TEˊ and zero J-modulation effects, while the 
macromolecules were more pronounced in the spectra.  With non-water suppressed 
sequence, variations of waterline shape of different tissues in three spatial dimensions 
could be studied.  The 3D ZJ-EPSI technique addresses the need for a fast MRS method 
that allows for a better quantification capability by acquiring proton spectra with zero J-
modulation.  The short acquisition time and near zero TEˊ make this methodology 
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Chapter 1 : INTRODUCTION 
1.1 Motivation of Research 
580,350 (35%) of 1,660,290 cancer patients are estimated to die in the US in 2013 [1].  
Routine monitoring by X-Rays and CT scans are hazardous and evaluating this disease is 
time consuming.  Magnetic Resonance Spectroscopy (MRS) has changed this mal-routine 
significantly in the past few years.  MRS can help with better understanding of tumor 
pathology [2], study of tumor vascularization and progress, and having a predicting value 
for the treatment response and disease-free survival of the patients even before they start 
their treatment [3-6].  Due to its safe nature and unparalleled In-vivo pathological 
resourcefulness, MRS studies have a significant impact on patient’s treatment choices, 
monitoring, prognosis, economics of their treatment plan, and the overall quality of life.   
Unfortunately, MRS is still not a common practice among the medical community.  
The three main reasons are as follows: First and far most is the fact that MRS acquisition 
is usually very time consuming.  For a classic 1H 3D MRS with a spatial matrix of 
20x18x10 with TR = 1000 ms, the scan time is about 1 hour which is “practically” 
impossible to acquire on a patient.  This is a more challenging issue for cancer patients 




MRS or any other routine.  Second, MR time is extremely expensive.  Depending on the 
site, specific procedure, and strength of the magnet a simple MR study can cost 
somewhere between 1000  to 3500 dollars [7].  The patient’s health insurance policy can be 
one of the factors that sometimes oncologists take into account when they prescribe an 
MR scan because not all policies cover lengthy MR scans and not everyone can afford it.  
Finally, non-standardized MRS acquisitions and analysis protocols could create havoc in 
interpretation and usefulness of the technique.  MRS scan parameters such as spatial 
resolution and echo times have been used non-uniformly in variety of different 
combinations in research and clinical studies.  These parameters must be chosen with 
utmost care as they have direct impact on signal to noise ratio, quantification of the 
metabolites, and an overall interpretation of the results.  In addition, any MR center has 
to have experts who could accurately and reliably setup, acquire, and analyze the 
spectroscopy procedures.   
For the reasons said, having a method that could shorten the length of an MRS 
scan, reduce the cost, and potentially become a sensible routine in clinical practice is of a 
huge value.  3D Zero J-modulation Echo Planar Chemical Shift Imaging (3D ZJ-EPSI) is 
a fast MRS technique that can not only achieve all that was mentioned above, it can also 
provide additional detailed anatomical/pathological information due to its 3D nature.  
Relative to an hour that takes for a classic 3D CSI scan mentioned above, 3D ZJ-EPSI 
could acquire the same sequence in 3 minute.  By developing the EPCSI in a 3D platform 
and making it available on Philips scanners (Philips Healthcare, Best, The Netherlands) 
by the means of permanent “porting” as we describe in chapter 3, we expect to 
significantly enhance the utility and practicality of MRS acquisition in research and 
clinical trials.   
In this proposal we discuss the pulse sequence development of 3D ZJ-EPSI and its 




porting procedure and making the sequence compatible and available in the new Philips 
MR system, optimization and improvements in many aspects of the pulse sequence (water 
suppression, lipid suppression, cerebral spinal fluid (CSF) suppression, gradient spoilers, 
and more), validation of the sequence by running a series of water suppressed and non-
water suppressed in vivo and in vitro experiments and comparing the our results with the 
conventional MRS technique supplied by Philips.  In the last chapter, we propose an extra 
application for the non-water suppressed 3D ZJ-EPSI and show our results. 
1.2 Specific Aims 
The main objectives of this proposal is to create a 3D ZJ-EPSI sequence for Philips MRI 
scanners (Philips Medical Systems, The Netherlands) that is optimized and validated on 
both test phantoms and human subjects.  We show and compare our water suppressed 3D 
sequence that is acquired in 4:04 min (for a 16x16x10 matrix and repetition time of 1.5s) 
to a conventional MRS sequence acquired in 64 min and show that our sequence is 
capable of acquiring high signal to noise spectra with high spectral resolution suitable for 
metabolic quantification in the brain.  We also propose an application for the non-water 
suppressed high resolution 3D ZJ-EPSI to study the variations in waterline shape in the 
brain during neural activation.  To accomplish these we proposed the following main 
specific aims:  
Specific Aim 1: Upgrade the 2D acquisition sequence and associated objects to be 
compatible with the new Philips MR system software.  This required the identification of 
many specific files, algorithms, and routines in the new simulator software program and 
integration of all the source code to match the new release of Philips MR scanner 





Specific Aim 2: Extend the 2D-EPCSI acquisition sequence into 3D.  This required full 
knowledge of the gradients, timing, and many other properties involved in 3D acquisition, 
and designing and incorporating an extra phase encoding gradient loop in the pulse 
sequence treating the previous slice direction as an extra phase encode direction.   
Specific Aim 3: Validate the acquisition and reconstruction of 3D ZJ-EPSI on both test 
phantom and human subjects and compare it with the 3D CSI sequences supplied by 
Philips.  Normal spatial resolution (1.3 cc) water suppressed 3D ZJ-EPSI spectra 
(acquired in 4:04 min) were compared with the conventional 3D CSI spectra (acquired in 
56 min) obtained from a brain metabolite containing phantom.  In vivo human brain 
studies on volunteers showed consistency and high quality.  High spatial resolution (0.3 
cc) water suppressed 3D spectra was only acquired with 3D ZJ-EPSI (in 8:04 min) 
because of impracticality of 3D CSI scan durations (4:16 hours). 
Specific Aim 4: Apply the 3D ZJ-EPSI to study the variations in waterline shape in the 
brain. 
 
1.3 Overview of the Thesis 
Chapter 2 is the background information necessary to understanding the fundamental 
concepts in MR signal generation, Chemical Shift Imaging, single voxel MRS versus 2D 
and 3D magnetic resonance spectroscopic imaging, principal component analysis, and J-
modulation.  Chapter 3 describes the “porting” definition, history, and procedure in detail.  
Chapter 4 introduces the pulse programing and sequence development of 3D ZJ-EPSI, 




reconstruction overview.  Chapter 5 describes the fundamental advantages of 3D over 2D 
sequences and lists a series of improvements and adjustments performed on our sequence.   
Chapter 6 is the most important chapter as it details the performance of the final 
3D ZJ-EPSI pulse sequence.  Series of in vitro studies were done to test for the correct 
phase encoding steps as well as the overall quality of the spectra in water-suppressed 
acquisition.  The quality of the spectra was compared to a conventional MRS scan.  The 
3D ZJ-EPSI sequence was capable of acquiring brain spectra with spatial resolution of 1.3 
cc and 0.3 cc in 4:04 min and 8:04 min respectively.  Similar spatial resolution brain 
spectra could be acquired using a conventional MRS technique in 64 min and 4:16 hours 
respectively.  Chapter 7 describes a potential application for the non-water suppressed 3D 
ZJ-EPSI sequence with high spatial resolution (0.008 cc) in the brain during visual 





Chapter 2 : BACKGROUND  
2.1 MR Signal Generation 
In this section we describe the basis for MR signal generation. Energy (E) of the nuclear 
spin state is defined in a magnetic field (B0) as: 
 
            ‎2.1 
  
where μ is the "nuclear magnetic moment". This nuclear magnetic moment can be 
described as 
 
         ‎2.2 
 
where γ is the "gyromagnetic ratio" and L is the "spin angular momentum" vector. 





             ‎2.3 
 
The gyromagnetic ratio like atomic weight is a fundamental property of each nucleus.  In 
Table ‎2.1 there are examples of different gyromagnetic ratios for a few nuclei.  
Table ‎2.1: Gyromagnetic ratios for a few popular nuclei 
Nucleus γ‎‎[106 rad s−1 T-1 ] γ [MHz T-1] 
1H 267.513 42.576 
3He -203.789 -32.434 
13C 67.262 10.705 
19F 251.662 40.053 
23Na 70.761 11.262 
31P 108.291 17.235 
 
 
Quantum mechanics says that the spin angular momentum is quantized and its amplitude 
is given by: 
 
 
| |  
   
  
√        ‎2.4 
 
where I is the spin quantum number and h is Planck's constant (6.62 x 10-34 Js).  The spin 
quantum number for a nucleus is determined mainly by number of unpaired protons and 
neutrons.  The direction of the spin angular momentum is given by another quantum 
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For a nucleus with spin quantum number   
   
 
 (like 1H), there are 2I+1 = 2 possible 
values that m can have   
   
 
  
   
 
 .  This means that the spin angular momentum L and 
magnetic moment μ and other relative quantities can have only discrete values.  If the B0 
is along the z direction, the component of spin angular momentum in the z direction can 
then be defined as: 
 
 
   
   
  
  ‎2.6 
  
The magnetic moment along the z direction also becomes:   
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Substituting equation ‎2.7 in ‎2.3 shows that the energy of the spins can also only take 
discrete values:  
 
 
             
   
  




The energy level difference between the two possible orientations of 1H nucleus or any 
other nucleus with spin quantum number   
   
 
 can be determined by: 
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This shows that the higher the main magnetic field, the higher the energy difference 
between the two states (in our example), and the faster the natural resonance frequency.  
The resonance frequency (f0) can be defined based on: 
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Substituting equation ‎2.9 in ‎2.10 we get:  
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 where γ is defined as 
 
  
.  This is the most practical equation that we use in MR physics.  
Converting this into angular frequency (ω0) gives: 
 




The example below is based on equation [9] and demonstrates that spins  
   
 
 of the 1H 
nucleus that are aligned with the B0 (parallel) are in a lower energy state (γ is positive) 
but spins  
   
 




Figure ‎2.1: Splitting of nucleus spin state in an external magnetic field.  Spins in the +1/2 state 
are parallel to the external magnetic field, have lower energy, and are slightly more than the spins 
in -1/2 state. 
 
ΔE is very small in NMR, that's why there is a small population difference between the 
upper and lower energy levels.  The excess population of the lower compared to the upper 
level can be calculated from: 
         
         
   
  





where k is Boltzmann constant (1.38 x 10-23 J/K) and T is temperature in Kelvin.  For 
example at body temperature (310K) for protons in 3 Tesla (128MHz),  according to 
equation ‎2.13, the fraction of anti-parallel spins to parallel spins is 0.9999802 which means 
that from every 100,000 spins only 2 spins contribute to the net nuclear magnetization 
(M0).  Figure ‎2.2 demonstrates a simple case where there are only five hydrogen spins 
available and in the presence of the external magnetic field they get divided almost 
equally into the lower and upper energy levels.  After breaking down the magnetic vector 
into two perpendicular vector components, the horizontal component (dash arrows in 
Figure ‎2.2) cancel out due to random phase of the precessing nucleus and the only 
remaining component for either of the energy states is the vertical component which 
constructs the net magnetization in the direction of the external magnetic field. 
 
Figure ‎2.2: Energy transitions of protons in an external magnetic field.  In the presence of an 
external magnetic field (B0) the precession (cones) of available nuclei and the cancellation of the 
horizontal component of their magnetic vector (dashed arrows) results in the net difference 




The net magnetization can be mathematically defined as: 
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where N is the total number of spins in the sample.  The signal (S) detected in the 
receiver coil is proportional to the magnetization times the resonant frequency (ω0):  
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Thus, the best signal is obtained at high fields, from high gamma nuclei, and at low 
temperature (this however does not affect our in vivo experiments).  The typical MR 
signal is generated from the exchange of energy between the two states by the means of 
electromagnetic radiofrequency (RF) at resonance.  
2.2 Chemical Shift 
Electrons of an atom placed inside an external magnetic field (B0) circulate about the 
direction of the external magnetic field and create a small opposing magnetic field that 
reduces the effective magnetic field (Beff) at the nucleus.  The equation describing this 
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where σ is the shielding constant.  This implies that the effective precessional frequency at 
the nucleus is reduced by the same amount, and based on equation ‎2.12 we get: 
 
               ‎2.17 
 
The electron density around the same type of nucleus (e.g. 1H) in a molecule varies based 
on many quantum factors including neighboring nucleus type of binding, angle of bonds,  
length of bonds, and electronegativity of the neighboring nuclei, thus the effective field at 
each nucleus and the frequency of the same type of nucleus varies in a molecule.  This 
phenomenon is called chemical shift (δ) and can be describes as the difference between the 
resonance frequency of a nucleus (ν) and a reference (νref : tetramethylsilane for 
1H MRS is 
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The chemical shift difference between two nuclei is expressed by the units of parts per 




2.3 Conventional MR spectroscopy 
Nearly all the MR scanners are capable to acquire a classic 1H MRS.  1H is the dominant 
proton in aqueous body of humans and animals, so the most widespread exercise of MRS 
is proton spectroscopy.  For example, in vivo MRS is applied in many different studies 
ranging from brain development and aging, brain tumor, stroke, infectious lesions in the 
brain, epilepsy, neurodegenerative disease, musculoskeletal disease, cancer diagnosis and 
prognosis [8-15].  The MRS technique that is typically used is Single Voxel Spectroscopy 
(SVS).  The basic underlying principle behind SVS is to apply three orthogonal slice 
selective pulses and collect the echo signal only from the intersecting volume in space as 
we have shown in Figure ‎2.3.   
 
Figure ‎2.3: Single voxel spectroscopy in human brain.  Typical 
1
H spectra of human brain with SV MRS: 






SVS is a relatively short scan with a great signal to noise ratio (S/N).  For example, with 
a repetition time (TR) of 1.5s and 128 averages, the scan will take about 4 min to acquire 
(1.5 * 128 + 40s preparation time for shimming).  The main downside with this technique 
is that it cannot offer any spatial information about the spatial metabolic distribution. In 
the tissue studied.  In addition, the entire signal comes from a typically 1 cm3 cubic 
volume (for 1H MRS) and as a result partial volume effects are inevitable as anatomical 
regions are never perfect squares. 
To study the pathology in more details techniques such as 2D and 3D localized 
MRS have been developed [16-18].  Classic three-dimensional chemical shift imaging (3D 
CSI) was first introduced by Truman Brown in 1982 and demonstrated how to find out 
the chemical shift distribution in an object at each three-dimensional spatial coordinates 
[16].  To establish the signal formation, we define the time dependent K for the k-space: 
 
 
      
 
  





Where γ is the gyromagnetic ratio and G is the time dependent gradient.  Thus we can 
write the signal S(t) for spectroscopy imaging as: 
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where m is the magnetization distribution depending on the space and chemical shift and 




order to generate the signal necessary for a classic 3D point resolved spectroscopy 
(PRESS) sequence for instance, we need to excite a desired volume using a 90º-180º-
180º RF sequence with matching selective gradients applied in three perpendicular 
directions while phase encode in all three dimensions (using phase encoding gradients) 
which translates into traveling through k-space and at a particular kx, ky, and kz collect 
the echo signal as we have shown in Figure ‎2.4.  We repeat this for all kx, ky, and kz until 
the entire k-space is filled out.   
 
Figure ‎2.4: Pulse sequence of a classic 3D-CSI with PRESS volume selection.  Three RF pulses 
(90º-180º-180º) with their corresponding slice selective gradients (G1, G2, and G3) will form an 
echo which is sampled starting at 22ms in this case.  Gradient spoilers (marked as s and s') are 
used to minimize refocusing of unwanted coherency. 
 
The acquisition time for a classic 3DCSI can therefore be calculated as: 





where Nx, Ny, and Nz are the number of phase encodings in x, y, and z directions.  The 
k-space trajectory is shown in Figure ‎2.5.  
 
Figure ‎2.5: K-space trajectory for a conventional 3D CSI.  Three phase encoding gradients (px, py, 
and pz in Figure ‎2.4) will navigate through x, y, and z in k-space and then the echo gets collected 
in one TR period. 
 
2.4 Echo Planar Chemical Shift Imaging (EPSI) 
2.4.1 Posse’s Original Work in 2D 
Development of Echo Planar Spectroscopic Imaging (EPSI) method started mainly by 
Mansfield [19] and further developed by Posse on GE (GE Medical Systems, Milwaukee, 




spatial encoding in one direction (along Gy in Figure ‎2.6) and by phase encoding in the 
other direction (Gx). 
 
Figure ‎2.6: Pulse sequence of Posse et al. [20] 2D EPSI.  The sequence includes water suppression 
pulses during WS1 and WS2; 8 suppression pulses to suppress superficial lipid signals during 
SS1and SS2; 3 RF pulses (S) with corresponding gradients in z direction (Gz) to excite a slice and 
acquire a stimulated echo (STEAM); a phase encoding gradient in Gx (*) and an alternating 
spatial-spectral encoding gradient on Gy (**). 
 
The k-space trajectory for the 2D model above can be shown in Figure ‎2.7.  For every 
phase encode step in y direction, the Kx trajectory follows a zigzag pattern through time 
while covering the entire Kx for different spectra.  If we name the points sampled for a 




the next set of samples on the 2nd odd slope will be po(1,2), po(2,2), …, po(8,2) and at the 
end for a typical 256 spectral points the last odd echo will be called po(1,256), po(2,256), 
…, po(8,256).  This assumes analyzing the dataset for even and odd echoes separately.  
For the points on the even slopes we will also have similar grouping.  To analyze these 
datasets separately we first need to parallel the points by linearly shifting the points in 
each slope by using the Fourier shift theorem: 
 
                           ‎2.22 
We must also shift the entire “even” dataset to the origin so they could be added to the 
“odd” dataset.  If the time between each two raising/falling gradient is 2T then the 
spectral bandwidth is the inverse of this time.    
 
Figure ‎2.7: The k-space trajectory for a 2D EPSI technique with 8x8 spatial matrix.  For every Ky 
the trajectory follows a zigzag pattern through time and on each slope Nx=8 number of points 
belonging to 8 separate dataset are sampled.  On the next odd gradient (ascending slope) the 2nd  
point of our 8 data set is acquired and so on.  The spectral bandwidth is defined as the reciprocal 




2.4.2 3D EPSI k-space trajectory 
As we will see in chapter 4, comparing to Posse’s original work in 2D described earlier, the 
sequence of 3D EPSI includes an extra phase encoding in z direction.  The k-space 
trajectory will still be a zigzag in the readout direction (x), for every y and z phase 
encoding steps as shown in Figure ‎2.8.   
 
Figure ‎2.8: K-space trajectory for 3D EPSI sequence.  Only two phase encoding gradients (here 
PEy and PEz as shown in Figure ‎4.4) will navigate through y, and z in k-space and then the 
signal gets collected in one TR period.  Compared to the conventional 3D CSI as shown in 
Figure ‎2.5, this technique is Nx times faster (where Nx is the number of conventional phase 
encoding steps in x direction). 
 
The acquisition time for a 3D EPSI sequence can be calculated as: 




where Ny and Nz are the number of phase encoding steps in y and z direction 
respectively.  Comparing the scan times to equation ‎2.21, 3D EPSI method is Nx times 
faster. 
2.5 Chemical Shift Displacement 
The spatial position of a localized volume obtained by using a selective RF pulse with 
corresponding gradient will be linearly affected by the chemical shift of the compounds in 
that volume.  According to equation ‎2.12, we can write the frequency of spins in the 
presence of a gradient in x direction (Gx) as: 
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where ω0 is the Larmor frequency.  Thus, for two compounds such as water and lipid, a 
difference in their Larmor frequency translates into a spatial displacement ∆x of the 
localized volume for water relative to lipids.   
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For example, in 3T magnetic field the chemical shift difference between water and fat is 
434 Hz or 3.4 ppm.  For an RF pulse with a 1.5 KHz bandwidth, the required gradient 
strength to select a 3x3x3 cm3 voxel is 1.17 mT/m, according to general form of 
equation ‎5.1.  Therefore, the chemical shift displacement for the lipid resonances in one 




artifact in brain proton spectroscopy can cause severe lipid contamination in the spectrum 
if the localization is close to the skull.  Chemical shift displacement artifact gets more 
severe at higher magnetic fields due to increase of the numerator in equation ‎2.25.  The 
chemical shift displacement is most prominent in single voxel spectroscopy than the 2D or 
3D chemical shift imaging, because in single voxel spectroscopy the same amount of 
artifact will exist in three spatial directions.   
 To minimize the chemical shift displacement artifact, the strength of selection 
gradient must be increased according to equation ‎2.25, which corresponds to an increase 
in spectral bandwidth of the RF pulse (for the same voxel dimensions) according to the 
general form of equation ‎5.1.                                                      
2.6 J-Modulation 
The interaction of electrons in chemical bonds (J coupling) influences the magnetic 
moments of spins in a compound [21].  For simple compounds that include 13C and 1H 
bonds for example, this means that the spin energy levels (shown in Figure ‎2.1) are split 
based on the Larmor frequency differences and specific spin state arrangements of the 13C 
and 1H nuclei (weakly coupled resonances).  In general (for spin-1/2 nuclei), for a 
homonuclear weakly coupled compound AXn the A spin splits into n+1 frequencies (and 
the X spin is split into 2 frequencies) with relative amplitudes that is defined by the 
Pascal triangle:   
• n=1  1     1          (doublet) 
• n=2      1      2      1      (triplet) 





For example, in 1H MRS for Lactate compound (CH3-CH(OH)-COO
-), the methyl group 
(CH3) attached to methine group (CH), and therefore at 1.33 ppm, a doublet (n=1) exists 
for protons of CH3, and similarly at 4.11 ppm a quartet (n=3) exists for protons of CH 
[22].  In PRESS sequence, where there are two 180º RF pulses, because of the chemical 
shift displacement described by equation ‎2.25, for a homonuclear spin system such as AXn, 
not all A nuclei within the X voxel experience the two 180º pulses [23]. This leads to a 
modulation of the Z resonance intensity, which depends mainly on the sequence timing 
(TE) [24].  
 
Figure ‎2.9: The relationship between signal J-Modulation and the echo time for different chemical 
shift displacements [25].  Three curves are shown for different amounts of voxel displacement from 
the nominal voxel in PRESS. 
 
Note that the classic 3D PRESS that we show in Figure ‎2.4 has a TE of about 22 ms 
because of the delay in between 90 degree pulses whereas the delay time for our 
3D ZJ-EPSI is almost zero.  This is an important feature of our developed sequence as it 
gives us a higher SNR, better T2*, and no J-modulation.  This can especially be 




2.7 Principal Component Analysis 
Principal component analysis for magnetic resonance spectral quantitation has been 
previously described by Stoyanova and Brown [26-28].  Figure ‎2.10.a shows the first 7 
principal components from spectral data containing a single peak with varying amplitudes, 
frequencies, linewidths, and phases.  Estimations for these variations calculated from the 
principal components are then used to correct the spectra (Figure ‎2.10.b):  For the kth 
spectrum in the data, the phase is adjusted by multiplying the complex data in frequency 
domain by exp(i©k).  The frequency is corrected in time domain by multiplying the nth 
point of the FID by exp(i2πδωkn∆t), where ω0+δωk is the peak position of the kth 
spectrum and ∆t is the dwell time.  Note that the shape of the 1st PC after corrections, 
indicates the amplitude variations and the shape of the 2nd PC indicates linewidth 





Figure ‎2.10: First seven PCs from spectral data containing a single peak with varying amplitudes, 
frequencies, phases, and linewidths.  Normalized eigenvalues are shown for each PC.  a: Before any 
corrections b:After frequency and phase corrections, the 1st PC indicates the variations in 
amplitude and the 2nd PC indicates the variations in linewidth. 
 




Chapter 3 : PORTING   
3.1 Introduction 
The core software (written in GOAL-C: Gyroscan Object oriented Acquisition Language 
C) that runs the MR scanner must periodically get updated and upgraded by the 
manufacturer (Philips Healthcare, Best, The Netherlands) because of frequent and 
ongoing improvements that the company makes to the software and hardware.  Upgrades 
and updates examples include new acquisition sequences, new post processing tools, better 
shimming algorithms, fixed previous bugs, newer ADC boards, better RF coils, faster 
reconstruction units, stronger gradient amplifiers, faster gradient switches, improvements 
to various sensors, the host’s PC and its operating system.  When a new research sequence 
such as EPCSI is designed, according to the C++ programming language, a new set of 
“objects” for definition of the sequences and the corresponding real-time acquisition 
parameters are written as described more in chapter 4.2.   
The new research sequences does not get integrated into the main source code of 
the scanner (where it can be used by all users in any location) unless it is rigorously tested 
(for performance and safety), approved, and distributed as an upgrade by the scanner 




agreement between the developer, academic institution, and the mother company and 
should usually include clinical science support.  When a new research sequence is 
developed in a virtual scanner software environment, the effected code and files are 
compiled and "built" and a set of library and executable files are produced called Patch.  
A Patch can then be copied into an actual scanner’s host computer and be used after 
being tested on phantoms.  When there is an available software upgrade by the company, 
in order to maintain the use of research sequences (Patches) after the upgrade, the source 
codes of the Patch files used for that new sequence must also be upgraded, built, and 
compiled and a new Patch compatible with the new upgraded software must be produced 
in a process which is commonly called "porting".     
3.2 History of porting 
Philips company periodically produces the majority of the source codes of the scanner for 
a particular major release.  With a research agreement between the academic institution 
and Philips in place, the source code can be obtained and accessed in a virtual machine 
PC where the sequence development can occur for research.  For a porting to be 
successful, the source code of the pulse programming environment (PPE) where the patch 
is being built (or the software version and release and package) must match with the 
source code of the new software installed on the scanner’s host computer.  However, the 
PPE and its codes are released less frequently than the actual scanner software upgrade 
(only when there is a major release or package).  This is generally due to the 
manufacturer decision of how important a software release is and how much fundamental 
change there is in the source code (i.e. how many people are most probably affected by 
the source code upgrade).  Furthermore, a simulator can sometimes be faulty, as a result 




offered by the company.  The most reliable way to ensure a new sequence’s availability is 
for the manufacturing company to adapt the sequence, so that every software upgrade 
would include the new sequence changes.  Table ‎3.1 shows only a few releases of the host 
computer’s software and the availability of a simulator around the same time. 
 
 
Table ‎3.1 :Scanner host software release vs. the simulator release.  The host computer of a scanner 
continuously goes through updates and upgrades.  The table shows a few examples of scanner host 
software release and the pulse-programming environment’s release.  For a new sequence to still be 
compatible to a scanner after a host software upgrade, it must be “ported” using the “same” 
simulator release.  The simulator for a particular release may not be available, so the most reliable 
to ensure a new sequence to work independent from host computer upgrades, is for it to be 
adapted by the manufacturer company. 
3.3 Porting Procedure 
The porting is done by comparing each source file that contains codes for the research 
sequence with the corresponding files in the upgraded MR scanner system (that does not 
have any of the research codes yet) and then carrying over all the research codes from 




For example,  if a research pulse sequence (such as EPCSI) was developed in release X 
(R.X) of the PPE, and later, the scanner was upgraded to R.Y, to continue using EPCSI 
in R.Y, we have to  implement the EPCSI code in the R.Y using the following three set of 
files: 
1. The files containing all of the research EPCSI codes in PPE's R.X (old release of 
the software).  This includes parameter files, text files, GOAL-C files, and any 
other files that were modified or added to, when the sequence was being developed. 
2. The corresponding original files in PPE's R.X that does not contain any EPCSI 
research modification.  This is necessary to distinguish the research EPCSI 
modifications from the non-research code (even though every research code 
modification was assumed to be commented). 
3. The corresponding files in PPE's R.Y that we are porting to (target files).  
In Figure ‎3.1, the old EPCSI code is shown in the middle column.  The left column is the 
original source code without the EPCSI implementation, and the far right column shows 






Figure ‎3.1: Porting preparation requirement file sets.  To port a research sequence into a new 
upgraded source code, it is critical to distinguish the codes of the new sequence from the rest. Left 
column is the original old source code prior to the research sequence implementation.  Middle 
column is the old source code with the research sequence implementation.  Right column is the 
new source code prior to the research sequence porting. Note that the left two columns have the 
same software version and the right column has a different version.  Also, note that with a given 
upgrade (e.g. right column), some parts of the source, such as code B, may have been edited, 
relocated to another file, or removed all together.  Other pieces of code such as code D shown in 
the right column, may have been added to the source file in an upgrade. 
 
 
To port the EPCSI code into the new upgraded source code, it is essential to pin point 
exactly what EPCSI code was added to the original source code by comparing the first 
two columns.  Then understand the algorithm procedure (proc A in Figure ‎3.1) in which 
the EPCSI code is residing in and locate the algorithm in the target source code and find 
out all the new code changes both related and unrelated to EPCSI in that procedure.  
Those system changes that are unrelated to EPCSI should stay intact.  The code changes 
that have EPCSI related dependencies must be modified such that the entire procedure A 




are added due to EPCSI involvement) in the new release.  It is entirely the pulse 
programmer's responsibility to figure out what kind of code changes happened in the 
source files of their research and how exactly to implement their research code into the 
new upgraded source code. 
 While coding a new sequence, it is imperative to comment each line of new code 
for future comprehension of the algorithms; however, when porting we must always make 
sure to identify all the changes – as the late Dr. Stefan E. Fischer who was a pulse 
programming guru used to say – “to the last comma and spaces” regardless of the 
commenting procedure.  This can be done most efficiently via opening the current source 
code with modifications and the corresponding original source code with an editing 
software such as ExamDiffPro v.5.5, UltraEdit Professional v.11.00b, and UltraCompare 
Professional v2.00b.  These software highlight the differences in the text code and make it 
visually easier to identify and carry over the differences.  We also need to open another 
instance of the editing software to compare the current source code with the target source 
code (shown for a simple case in Figure ‎3.2).  
 
Figure ‎3.2: Editing software for porting.  ExamDiff Pro was used to compare the three set of files 
required for porting (two are shown here).  The left window shows the code in a file where the 
blipped gradients are removed from an EPI sequence.  The right window shows the corresponding 





After each file that was originally modified to carry the EPCSI research sequence was 
ported to the corresponding file in the new upgraded source code, the modified files have 
to collectively be compiled in a virtual machine containing the scanner simulator, 
debugged if necessary, and finally a new patch must be built.  This patch can then be 
copied into a proper directory in the host computer (next to the physical scanner) and run 





Chapter 4 : 3D ZJ-EPSI PULSE 
SEQUENCE DEVELOPMENT 
4.1 Introduction 
In this chapter we introduce the main pulse programing steps and procedures.  Then the 
3D ZJ-EPSI pulse sequence is studied in detail and compared to 2D-EPCSI pulse 
sequence for better understanding.  We also provide further detailed information about 
the pulse sequence components including gradients and acquisition objects and discuss k-
space trajectory and reconstruction options.  Creating a new functionality involves two 
major actions: pulse programming and sequence development.  In sequence development, 
the modification in the sequence is performed without editing the source code of the 
scanner while pulse programming involves editing the source code of the scanner which we 




4.2 Pulse programing and sequence development 
Pulse programing and sequence development (in Philips Healthcare terminology) are 
procedures that enable users to develop new MR sequences.  An MR experiment is 
described in the form of objects which are building blocks of the MR experiment. They 
are distinguished in five levels: sequence order objects (SOR) that can contain one or more 
lower level sequence objects (SQ).  A complete experiment in this view is a number of 
sequences chained together (defined by the execution part of the measurement program).  
The next lower level objects are the gradient (GR), RF pulse (RF), and acquisition 
objects (AQ) that belong to each sequence object themselves.  The next level includes the 
front-end timing object (FE), necessary for RF pulses and data acquisition, and matrix 
orientation object (O-MATRIX) describing the orientation of the sequence and the 
gradients.  The last level object is the coil object (COIL) that contains information about 
the hardware switching times, front-end, and other properties.  
In an MR experiment, during the execution phase, the SQ objects are called 
successively; each having their own time relative frame and each include many lower level 
objects such as RF, AQ, or GR, so that the hardware can perform a continuous series of 
actions based on what is being read. 
In sequence development, the source code of the scanner is not edited.  Instead, 
certain object attributes and parameters are temporarily modified to achieve the new 
sequence capabilities.  In pulse programming environment (PPE), however, a new 
parameter and object attribute can be made from scratch and that requires editing the 
source code of the scanner.  There are three main object attributes: primary, read-only, 
and run-time attributes.  Primary attributes are usually what the developer or system 
defines based on MR physics:  strength of gradient, gradient rise time, gradient plateau 




fixed attributes.  Run-time attributes are the ones that are accessed during the execution 
state. 
Pulse programing can be divided into two main sections: Parameter definition file 
(PDF) which runs on the HOST system (Figure ‎4.1), controls the user interface, and 
defines the basic sequences, and measurement program file (MPF), which runs on the 
data acquisition system (BDAS or CDAS) and defines the actions that happens during the 
execution of sequences.  In summary, any MR sequence is defined in PDF while MPF and 
data acquisition unit perform the measurement.  
 
Figure ‎4.1: Possible configuration of hardware components of an MR system.  The user interacts 
with the host computer.  The BDAS board is the spectrometer unit of the MR system where the 
acquisition takes place.  Recon is the reconstruction system.  PDF resides in the host computers 
while MPF resides in the spectrometer unit. 
 
The hardware of an MR system may be described as having three major components as 
shown in Figure ‎4.1: Host, Spectrometer (BDAS board), Reconstruction unit.  The users 
interact with the host computer. The spectrometer computer and its other hardware 
components is the heart of the MR system, where the signal acquisition takes place.  The 
reconstruction unit is another computer responsible for receiving the data from the 




In most implementation of a sequence, the following steps take place: Declaration of 
protocol parameters, declaration of protocol interface parameters, declaration of MPF 
interface parameter, checking parameter implementation, enabling protocol parameter for 
user interface, declaration of objects, modification of the sequence.  In PPE, the file that 
contains the definition of this object must be “included” in each of the calling files that 
calls this object in MPF and PDF, like any other object-oriented programming language.  
The value of each of the attributes is validated each time the sequence is set, so it is 
consistent with the limitations of hardware and the rest of the MR pulse sequence 
attributes.  For example, the sensitivity encoding (parallel imaging) can only be done 
when a coil with multi elements is present.  The combination of certain scan routines also 
is cross checked with other software parameters.  For example, if the scan technique is 
echo based, then the choices available for the volume selection include PRESS and 
STEAM, but if the scan technique is FID based, it cannot be combined with PRESS or 
STEAM.  Every major MR vendor has its own validation check algorithm.  Figure ‎4.2 
summarized the validation phases specific to Philips pulse programming. 
 For example, imaging sequences have a minimum thickness that the user can 
choose (because of S/N concerns usually).  To increase the spatial resolution beyond the 
default values, we must reduce the lower limit of the slice thickness for 3D spectroscopic 
sequences by first finding the corresponding object that defines the thickness.  After 
adjusting the minimum thickness we must check the “validation phases” that the compiler 
goes through every time there is a change in the source code.  One of the important 
validation phases in this case is to check whether the maximum data size produced by 
having maximum FOV with a given number of spectral points and this new higher spatial 
resolution can be handled by the program.  Attributes related to file size and cache for 




As we will see in “pulse sequence development and gradient calculation” there are 
limitations in spectral bandwidth that we must also take into consideration.  
 
Figure ‎4.2: Validation phases in PDF pulse programming.  During each phase, at least twelve 
necessary routines are performed to ensure the correct setup of the sequence, check the 
contradictions and compatibility between various software and hardware attributes, and accurate 





4.3 From 2D to 3D ZJ-EPSI: pulse programming 
and sequence development 
In order to understand the pulse sequence of 3D-EPCSI we first examine the 2D-EPCSI 
sequence.  As we have shown in Figure ‎4.3, a slice select gradient (Excitation GR) is used 
simultaneously with a 90º RF pulse to excite a slice with desired thickness.  A phase 
encoding gradient (PEy) is then applied in the 2nd direction (y).  An alternating polarity 
(switching) readout gradient in the frequency encode direction is then applied to allow 
sampling of the MR signal (echo or FID) and filling out the k-space in a zig-zag trajectory 
as is shown in Figure ‎4.5.  In the 2D method, based on the matrix size there will be Ny 
number of phase encoding gradients (for every TR seconds), during which the k-space is 
traveling from Kxmin to Kxmax in the zigzag trajectory until all the spectral samples are 
collected, so the total time for a 2D-EPCSI scan can be calculated as: 
 
                                   ‎4.1 
 
We will compare this sequence and the total scan time to its 3D counterpart.  To extend 
this method to 3D we need an extra phase encoding gradient (PEz) in Figure ‎4.4.  This 
extra phase encoding gradient is set in every TR loop, based on the number of slices the 
3D sequence has and the thickness of the slices.  In addition to the required phase 
encoding steps in 2D method (PEy) that took TR seconds each, in 3D we should also 
phase encode in the z direction (using PEz phase encoding gradient in Figure ‎4.4 that also 





Figure ‎4.3: Pulse sequence of 2D-EPCSI with slice selective FID.  Slice selective gradient 
(Excitation GR) is turned on during an excitation 90º RF pulse (Gr is the refocusing gradient) to 
select a 2D slab.  Gradient PEy, phase encodes in the first direction  and the spectro-spatial 
alternating gradient along x direction, phase encodes the second direction while acquiring 
spectroscopy data. 
 
Depending on the number of slices, we will have Nz gradients that will run through k-
space from Kzmin to Kzmax sequentially.  For every gradient in slice encode direction 
there will be one phase encode gradient and a corresponding alternating readout gradient.  
The resultant scan time then is then calculated based on the following relation: 
 
                                       ‎4.2 
Comparing to the 2D counterpart, the 3D ZJ-EPSI takes Nz times longer, and this by 





Figure ‎4.4: Pulse sequence representation of 3D-EPCSI.  The extra gradient PEz on the z 
direction, phase encodes the slices in that direction.  The rest of the pulse sequence elements are 
similar to those of 2D-EPCSI pulse sequence. 
 
Figure ‎4.4 also defines the time to acquisition (TE’) which is the time between the center 
of the excitation RF pulse and the start of the first acquisition period.  This time in 2D 
can be less than 1 ms and in 3D ZJ-EPSI is less than 1.7 ms, resulting in zero J-
Modulation effects described in chapter 2.  Higher slew rates and the use of multi transmit 





Figure ‎4.5: k-space trajectory in EPSI acquisition.  K-space trajectory has a zigzag pattern 
corresponding to odd and even readout gradient plateaus.  The odd and even samples are collected and 
reconstructed separately; therefore, the effective spectral bandwidth is halved. 
 
4.4 Gradient object in pulse programming 
In PPE the extra phase encoding gradient that exists in 3D ZJ-EPSI and the readout 
gradient are defined as “objects”.  The acquisition periods during which the MR signal is 
sampled are also defined as an acquisition object (AQ).  The readout gradient object in 
3D ZJ-EPSI is composed of smaller objects units.  The main object unit is the trapezoid 
shape as we have shown in Figure ‎4.6, that can be set to repeat itself with opposite 
polarity to give the EPSI acquisition the switching gradient property.  Similarly, the AQ 
object consists of certain number of composite elements corresponding to flat area of the 
trapezoid readout gradient in our implementation.  These objects and composite elements 
have certain properties that need to be determined such as strength, length, slope, and 
many other attributes and functions.  A few of such main attributes are graphically shown 
in Figure ‎4.6.  Main MR parameters are calculated based on these attributes.  The 
spectral bandwidth is twice the reciprocal of the time between the start of an even signal 
acquisition and the start of an odd signal acquisition.  The sampling occurs only during 
the plateau of the switching gradients.  The number of these acquisition periods (AQ:dur) 
is twice as the number of spectral samples (one for odd and one for even FID) defined in 





Figure ‎4.6: Parts of Gradient object (GR) and Acquisition object (AQ) shown.  The acquisition 
along alternating readout gradient is displayed for Nx = 9. The spectral BW is calculated based 
on separate even and odd echo analysis. 
 
All the mentioned attributes (and many more) in Figure ‎4.6 need to be calculated based 
on the MR parameters that the user inputs or the default hardware parameter for the 
system.  For example, we know that for a readout gradient, the relationship between the 
FOV and ∆k is as follows: 
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where ∆A is the change in the readout gradient area under curve at each sampling point.  
The FOV in the readout direction can then be written as following: 
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And maximum area under the plateau of the readout gradient can be calculated as: 
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For phase encoding gradient in Y and Z direction, the following relationship stands 
between the FOV and ∆k: 
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The definition of k for phase encoding gradients yields: 
 





Where ∆A’ is the change in the area under phase encoding gradient in every phase 
encoding step.  Combining equation ‎4.7 and ‎4.8 yields: 
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Calculating the parameters introduced in these equations are complicated as there are 
hardware, software and complicated inter dependencies, and safety limitations that must 
be taken into account.  Equation ‎4.9 indicates how a phase encoding loop in the Z 
direction can be implemented.  Equation ‎4.5 shows that Gx can be calculated from the 
FOVx and ∆t.  The readout gradient plateau’s duration (Nx ∆t) can then be calculated 
from the matrix size in X direction, Nx.  Rise and fall time for the readout gradient 
(slope1 and slope2) can also be calculated from the maximum slew rate.  In AQ object, 
acquisition duration is equal to GR object’s lenc (plateau).  The pause or time between 
consecutive AQ elements is equal to the sum of slope1 and slope2.  Finally spectral 
bandwidth can be calculated from the AQ object’s duration and pause, as a byproduct.  
There are number of ways to calculate these attributes and below we discuss two different 
algorithms A and B, and will pick the most efficient:  
 
Algorithm A: 
1-Set ∆t to a small value based on the hardware capabilities such as 15 μs 
2-Calculate the alternating gradient strength based on the FOVx from user  
       
 





3-Measure the readout gradient plateau’s length 
                 
4-Set AQ object’s duration equal to the readout gradient plateau  
AQ:dur = GR:lenc 
5-Calculate rise/fall time of readout gradient where                         
                     
      
            
 
6-Set the acquisition pause as the sum of rise and fall time of the readout gradient 
AQ:pause = GR:slope1 + GR:slope2 
7-Calculate the spectral bandwidth as a by-product (not controlled by the user)  





                   
 
There are many other ways to measure the parameters in Figure ‎4.6, but since in MRS 
proper quantification of metabolites that are spectrally close to each other (such as the 
doublet of the lactate peak) requires setting a minimum spectral resolution, this is more 
practical if the spectral bandwidth and the number of spectral samples are controlled be 
the user.  So, in our implementation of 3D ZJ-EPSI we offer an alternative algorithm 
where the user gets to choose the desired value for the spectral bandwidth: 
 




1-Get the desired Spectral BW from the user 
2-Observe the following relationships based on Figure ‎4.6: 
 
                     
 




                                       ‎4.11 
 
3-Based on equation ‎4.6, find the maximum area under the plateau of the readout 
gradient as:  
 
        
  
      
                ‎4.12 
 
4-Based on the maximum slew rate             find readout gradient strength: 
 
             
        
         
  ‎4.13 
 
5-The three unknowns (AQ:dur = GR:lenc, AQ:pause, and GR:str) can be found with 
having three equations ‎4.10‎4.12, and ‎4.13 and forming a quadratic equation such as:  
 
          
        
         
  
   
            





Where the units of AQ:pause is milisecond, the unit of Spectral BW is kHz, and the unit 
of FOV is meter.  For example, for FOV=240×240×60 mm3, matrix=16×16×10, voxel 
size=15×15×6 mm3, Slew=100 mT/m/ms, and spectral bandwidth=1.35 kHz which we 
have typically used in data acquisition, the above attributes become: AQ:pause=0.24 ms, 
GR:str = 12 mT/m, and AQ:dur=GR:lenc=0.1304 ms.   
4.4.1 Limiting factors in setting attributes 
The discriminant of equation ‎4.14 binds the maximum spectral BW that can be 
chosen to the choice of spatial resolution, according to equation ‎4.15: 
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Another limiting factor is the dwell time which is the time between sequential acquisition 
points.  For the current hardware installed, the minimum dwell time is 6.4 microseconds.  
Since AQ:dur attribute as well as GR:lenc are directly proportional to dwell time by 
factor of Nx, the only acceptable values for AQ:dur in equation ‎4.12 were the ones that 
were greater than Nx times the dwell time (because Dwell time = AQ:dur / Nx).  
Hardware specifications also determine the maximum slew rate of the gradients which has 
direct impact on the timing of the sequence.  With higher slew rates, the time spent on 
the gradient ramp up and ramp down is minimized, allowing for a higher spectral 
bandwidth if dwell time is kept constant.  In this case if the number of spectral points are 
increased, the S/N also increases because we have more time to repeat the experiment.  




(ratio of the flat part duration to the entire duration of a trapezoid gradient).  The   
Peripheral Nerve Stimulation (PNS) level is another limiting factor in EPI like sequences 
[29, 30].  Magnetic field strength change in time (dB/dt), usually in fast switching 
gradient sequences, causes the stimulation of the peripheral nerve.  International 
Electrotechnical Commission (I.E.C.) has placed a limit on the amount of PNS that the 
subjects are to receive, by defining three operation modes which are based on a maximum 
threshold at which 50% of the population experiences PNS.  Normal level operating mode 
is when dB/dt is less than 80% of this threshold, second level operating mode is between 
80-100% of the threshold, and the third level is not allowed for operation of the scanner.  
The 3D ZJ-EPSI, with spatial resolution of 15x15x6 mm3 and 7.5x7.5x6 mm3 is within the 
normal and first level of PNS operation modes respectively. 
4.5 Offline Reconstruction Technique 
Analyzing a large set of MRS data is a challenging task especially when acquired in 
3D.  Principal Component Analysis and non-Negative Matrix Factorization have been the 
methods of choice when dealing with large set of data [28, 31]. Currently the 
reconstruction of the spectroscopic data collected from 3D-ZJEPSI must be done offline.  
This is because of the nature of alternating readout gradient and the way the data must 
be labeled for even and odd FIDs.  We do not have access to the source files that 
determines the way the “reconstructor” unit handles the data, so we could adapt it to 
handle the zig-zag trajectory of the k-space in EPSI data.  Through our collaboration with 
Philips we have requested that these resources would become available to us for 
development and testing purposes so a special acquisition and reconstruction can be 




One way to reconstruct the data is to analyze the even and odd acquired FIDs 
separately through Fourier Transform, and combine them together at the end, as we have 
demonstrated in Figure ‎4.5.  Another method is to combine each even and odd FIDs and 
process the entire dataset together [32, 33]. In this method, a higher spectral bandwidth 
(factor of 2 relative to reconstructing the even and odd echoes separately) is achievable.  
But the distance between consecutive spectral points depend on the value of k, which has 
to be taken into consideration.  Also, a linear phase has to be applied to each resultant 
spectrum of each k values, because the starting first sample points in k-space on the odd, 
each have different distance to the t=0 line, and therefore require different amount of 
shift.  Figure ‎4.7 (bottom) demonstrated how the even and odd echos are collected and 
reconstructed separately.  We chose the separate even and odd echo reconstruction for 
two reasons.  First, the distance between every two consequitive spectral points is the 
same for even and odd echos, so the shift that is required to make the zigzag trajectories 
parallel to t=0 line, will be equal for both even and odd echos (and in opposite 
directions).  Second, the lower spectral bandwidth achieved in this method is sufficient for 






Figure ‎4.7: The k-space trajectory for an EPSI technique with Nx = 8. In every phase encoding 
step, the trajectory follows a zigzag pattern through time and on each straight line, Nx=8 number 
of points belonging to 8 separate dataset are sampled.  In combined even-odd echo (top), P(8,1), 
P(8,2), and P(8,3) are the three consecutive points in the time domain sampled data, belonging to 
the Nx=8 voxel.  In separately reconstructed method (bottom), po(8,1) and po(8,2) are the two 
consecutive data points in the final time domain data. 
 
Implementing this method required aligning the points of the even or odd echoes 
according to the following Fourier shift formula where Δt depends on Kx: 
 
                           ‎4.16 
 
The combined even-odd data reconstruction,  Fourier shift theorem was used to align the 
different Kx-space samples to the same time so there were no spatially dependent phase 
shifts in the final spectra.  Also, the even FIDs were shifted one extra time by time T, to 
match with the odd FIDs.  These steps are already included in the in-house built 3DiCSI 




Chapter 5 : ADVANTAGES AND 
IMPROVEMENTS OF 3D-ZJ-EPSI 
OVER 2D  
 
5.1 Introduction 
In this chapter the general three-dimensional MRS acquisition method is compared to the 
two dimensional method.  Main three advantages of the 3D acquisition method are 
discussed:  Improvements in the slice thickness, the SNR gain, and an overall 3D 
observation of the changes in metabolites to look for dependencies in 3D space.  Also the 
novel improvements and adjustments that were implemented on 2D sequence during 
porting and transformation to the new 3D ZJ-EPSI, are discussed:  
 Water suppression improvement in chemical selective saturation pulse sequence 




 Optimization of the lipid suppression by studying the effect of regional suppression 
technique (REST) slabs strength and frequency 
  Studying the brain anatomy and addition of extra REST slabs inferior and 
superior to the brain 
 Removal of unnecessary spoiler gradients from the pulse sequence 
 Modification of excitation RF pulse for an improved excited slab 
 Adjusting the CSF suppression RF-180 pulse attributes for non-water suppressed 
acquisitions 
5.2 3D vs. 2D acquisition 
5.2.1 Slice Thickness 
3D acquisition has three main advantages over its 2D counterpart.  First, the slice 
thickness in a 2D scan is bound to the bandwidth of the radiofrequency pulse (BWrf) and 
the gradient excitation strength (GR) according to the following relation: 
 
       
    
   
 ‎5.1 
In order to acquire the smallest thickness possible, either the gradient strength must be 
increased, or the BWrf has to be decreased, or the new Multi RF Transmit technology 
must be deployed [35, 36].  Here, we assume that no Multi RF Transmit technology was 
present.  Increasing the gradient strength above maximum level allowed (GRmax) is not 
possible due to hardware restrictions that vary with every scanner and hardware upgrade.  




technology.  Reduction of BW will increase the chemical shift artifact as described in the 
background chapter according to the following relation for number of voxels shifted: 
 
         
 
    
 ‎5.2 
so it is not feasible to reduce the RF bandwidth too much to get a thinner slice.  Also 
reducing the bandwidth of slice select RF will cause the generated slice profile to suffer as 
the value of Δf.T, a measure of slice profile quality, drops.  Here, Δf is the bandwidth and 
T is the total duration of RF pulse.   
 
Figure ‎5.1: Different Sinc pulse shapes and theoretical Fourier Transform.  In Sinc shaped 
excitation RF pulses, Δf.T represents the slice profile quality as well as the number of Sinc 





Figure ‎5.1 shows two theoretical Sinc shaped RF pulses with their corresponding Fourier 
Transform step functions.  In reality, since the Sinc pulses are finite and defined according to 
equation ‎5.3, where NL and NR are number of zero crossings of the time domain Sinc pulse.   
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  ‎5.3 
Due to the fact that the number of zero crossings are finite, the Sinc pulse has a discontinuous 
first derivative at its borders which causes undesired ringing in slice profile.  To reduce the 
ringing, an apodizing filter is used to taper the RF amplitude at the side lobes according to the 
following equation.  
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  ‎5.4 
Choosing   = 0.46 applies a Hamming window to the B1(t) while choosing   = 0.5 applies 
a Hanning window to B1(t).  Figure ‎5.2 shows two RF pulses we commonly use in this 






Figure ‎5.2: Commonly used Sinc pulse shapes and their slice profiles.  In Sinc shaped excitation 
RF pulses, Δf.T represents the slice profile quality as well as the number of Sinc crossings at zero.  
The slice profile of the lower BW pulse (left) is compare with the higher BW pulse (right).  
 
In 3D, the slice thickness has a Fourier nature and is not bound to the limitations of the 
2D method.  The following equation shows that the slice thickness in 3D has an inverse 
relationship with the step change in k-space in the z direction (   ): 
 
    
 
    
 
 
       
          
 






The definition of the k-space in the z direction yields that the step change in the z 
direction k-space is proportional to the changes in the area under the curve of the z 
direction phase encoding gradient (  ): 
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    ‎5.6 
Combining the two formulas above gives an inverse relationship between the thickness of 
slices in the z direction and the changes in area under the curve for the phase encoding 
gradient in the z direction.  This means that theoretically if the phase encoding gradients 
are capable of providing the area changes necessary to go from –Amax to Amax in ΔA 
interval increments, then the thickness of each slice in the z direction is warranted as 
equation ‎5.7:  
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5.2.2 SNR Gain 
The second advantage we obtain using the 3D acquisition is the signal to noise ratio 
(SNR) gain.  The relationship between the SNR/voxel in a 2D acquisition is described 
below: 
    
     
                √             
‎5.8 
Where ∆x and ∆y are the in plane resolution in 2D and thk represents the thickness of the 




readout bandwidth.  Note that the SNR/voxel is directly proportional to square root of 
number of phase encodes (Nx and Ny in conventional imaging).  In 2D EPCSI method, 
the equation ‎5.8 changes to equation ‎5.9 because of the combined spectro-spatial encoding 
readout gradient. 
    
     
                      √          
‎5.9 
In 3D method the relationship between the SNR/voxel can be described as equation ‎5.10, 
where there is an extra number of phase encoding exists in the z direction. 
    
     
               √                 
‎5.10 
∆z is the thickness of every slice in the z direction and Nz is the number of phase 
encoding in the z direction (or number of slices).  In 3D ZJEPSI, the equation ‎5.10 
changes to equation ‎5.11. 
    
     
                      √               
‎5.11 
Comparing the equations above shows that for the same voxel size, the SNR/voxel in 3D 
acquisition, either in conventional or EPSI method, has a factor of √    gain relative to 
its 2D counterpart because of the extra phase encode in the slice direction.  Also a 
conventional 3D CSI will have a higher SNR/voxel compared to the 3D-ZJEPSI by a 
factor of √   .  However, the SNR/voxel in 3D ZJ-EPSI is shown to be sufficient for brain 




5.2.3 Metabolic Spatial Dependencies 
The third advantage of 3D spectroscopic methodology is that it enables us to study 
metabolites with a superior localization power.  The commonly used single voxel 
spectroscopy (SV) technique on the other hand, suffers from partial volume effect which 
occurs when the size of the voxel is larger than the anatomy to be studied.  Studying 
tissues accurately with high resolution can reveal critical information about the 
underneath anatomy.  For example, Noworolski et al has acquired a high resolution 1H 
MRS in brain and demonstrated that there was a difference in proton spectra of cortical 
grey matter and sub cortical white matter [37]: The N-Acetyl Aspartate (NAA) and total 
creatine (Cr) in grey matter were higher than white matter.  This study was feasible by 
acquiring a higher resolution MRS than the typical voxel size as we have shown in 
Figure ‎5.3.   
 
Figure ‎5.3: A 20 mm voxel used in a typical SVS (large black box) verses 12, 10, and 5.4 mm 
voxels (smaller black boxes) achieved in high resolution proton MRS study by Noworolski et al 
[37].  The 2 mm voxel (in red) that is achievable in this proposal as a waterline study is 





As we will see in later chapters, 3D ZJ-EPSI allows for studying the spatially dependent 
metabolic changes in tissues.  Particularly in brain, this can be demonstrated as spatial 
variation of NAA, total Cr, and Choline (Cho) concentrations in different regions of the 
brain as we have shown for one subject in Figure ‎5.4.  The higher concentration 
distribution of Cr and NAA in grey matter of this subject seems to be consistent with the 
spatial distribution pattern in the literature.  Metabolite concentrations are lower in the 






Figure ‎5.4: Spatial distribution of metabolic concentration in 3D ZJ-EPSI.  Two slices of 
anatomical brain images (top) and their corresponding metabolic distribution map are shown.   
Principal component analysis of Cr, Cho, and NAA peaks were used individually to create the 
maps using in-house 3DiCSI software.  Cr and NAA show higher concentrations in the grey 
matter regions relative to the white matter.  The concentration of NAA is the lowest in the 
ventricles.  The low intensity corner voxels in the maps are due to the saturation bands placed 




5.3 Water Suppression Improvements 
The SNR is the most important factor in MRS experiments.  Due to the fact that water is 
the dominant metabolite in majority of organs with 55 M concentration versus other 
metabolite around mM concentrations it’s often desirable to apply a water suppression 
technique such as CHESS [38] to suppress the water signal so that the other metabolite 
could be viewed.  A CHESS pulse typically consists of three radio frequency (RF) pulses 
(90º-90º-180º) with durations of 50 ms each, interval between consecutive pulses of 40 
ms (total available window for spoiler gradient),  and de-phasing gradients in three 
directions in between these RF pulses.  In water suppression for 3D ZJ-EPSI, we have 
made the following changes to the RF pulse and de-phasing gradients:  
1-Reduced the angle of the RF pulses to (80º-80º-160º) 
2-Increased duration of the pulses to 84 ms 
3-Reduced the interval between consecutive pulses to 12 ms 
Figure ‎5.5 shows the non-water suppressed waterline peak (a) acquired from brain 
metabolite phantom (described in Chapter 6.2) that is compared with the water 
suppressed spectrum with old and new CHESS pulses (b, c).  There is a 36% improvement 
in the peak-to-peak suppressed water signal in the modified CHESS pulse.  Water is 





Figure ‎5.5: Water suppression improvements in 3D ZJ-EPSI.  a: Non-water suppressed spectrum 
from brain metabolite phantom using spatial resolution of 15x15x6 mm3.  b: Same spectrum with 
CHESS water suppression using RF-90-90-180 pulse.  c: Same spectrum with CHESS water 





5.4 Lipid Suppression Improvements 
The two dominant proton signals in the human body come from water and triacylglycerol 
molecules [39].  Triacylglycerol molecules (consisting of different groups of proton such as 
CH3, CH2, and CH=CH with different chemical shifts ranging from 0.9 to 5.7 ppm) are in 
the fatty tissue and lipids.  In proton MR spectroscopy the signal from lipids and fatty 
tissues around 0.9-1.33 ppm in excessive levels, interfere with quantification and 
observation of other metabolite signals.  Thus, it is desirable to saturate these interfering 
signals as much as possible.  In brain proton MRS application, the lipids come mostly 
from the skull.  In 2D EPCSI, eight regional saturation technique (REST) slabs are placed 
around the skull in the axial view, to saturate the lipid signal.  In 3D ZJ-EPSI however, 
we have allowed (programmed in pulse programming environment) the addition of two 
extra REST slabs perpendicular to the previous eight, to saturate the signal from the 
most superior part of the skull in axial acquisition as well as the sinuses.  Figure ‎5.6.a 
illustrates the placement of the two extra REST slabs inferior and superior to the brain 
(SAG view), as well as the original eight slabs (TRA view).   
 The REST slab is a combination of an RF pulse during a spatially selective 
gradient followed by another gradient spoiler in the readout direction and phase encoding 
direction.  This combination saturates all the signal in the specific region covered by the 
REST slab.  The power of a REST slab corresponds to the bandwidth, strength, and the 
number of RF pulses used in a REST slab sequence design.  This power can be set to 
predefined settings addressed by values between 1-4 controlled by the user in Philips 
scanners.  For example setting power to 3, means that one broadband RF pulse is used 
with a high B1 amplitude.   
Performance of different power settings were tested using a series of 3D ZJ-EPSI 




we have shown in Figure ‎5.7.  A rest slab was placed on the vegetable oil container to 
cancel out the lipids, and water–suppressed 3D ZJ-EPSI scan was run four times with 
varying power settings of the REST slab.  The scan parameters for the 3D ZJ-EPSI was 
the following: TR = 1500 ms, FOV = 240×240×72 mm3, voxel size = 15×15×6 mm3, 
spectral bandwidth = 1600 Hz, 512 samples, scan duration = 4:52 min. 
 
Figure ‎5.6: REST slab positioning in 3D ZJ-EPSI vs 2D.  a: Eight REST slabs are positioned 
around the skull to saturate the lipid signal in 2D acquisition b: Two extra REST slabs are 
positioned superior and inferior to the 3D stack (in SAG view), in addition to the eight slabs in 
axial view.  
  
Figure ‎5.8 illustrates the residual lipid signal peak in a voxel positioned on the lipid 




absorption rate (SAR) due to double RF pulses and took longer time to acquire.  Power 
setting 3 was then selected as an overall best performing lipid suppressing with the least 
amount of specific absorption rate (SAR) and less occupied time in the sequence. 
 
Figure ‎5.7: Lipid suppression setup for an in vitro experiment.  a: The brain metabolite phantom 
(large sphere) was used to represent the brain tissue and the small phantom, containing vegetable 
oil, represented the lipids.  b: Multiple 3D ZJ-EPSI were acquired using a REST slab that covered 






Figure ‎5.8: Lipid suppression performance comparison using varying REST slab power settings.  
The peak of the remaining lipid signals in a voxel on the lipid phantom as illustrated in 
Figure ‎5.7b.  a: One narrowband RF pulse with low B1 amplitude (power=1) b: Two narrowband 
RF pulses with low B1 amplitude (power=2) c: One broadband RF pulse with high B1 amplitude 
(power=3) d: Two broadband RF pulses with high B1 amplitude(power=4).  More RF pulses 
increase the SAR value. 
5.5 Spoiler gradients 
Spoiler gradients are usually used to eliminate remaining transverse magnetizations and 
are placed at the end of a pulse sequence or after an RF preparation sequence (e.g. in 
water suppression pulses) [40].  The mechanism of spoiler gradient is to diphase the 
transverse magnetization such that it is completely canceled out.  Figure ‎5.9 illustrates 






Figure ‎5.9: The excess spoiler gradients at the end of the 3D ZJ-EPSI sequence.  Four spoiler 
gradients are labeled in the figure.  High amplitude spoiler gradients can cause eddy currents that 
would counteract the de-phasing purpose of the spoiler gradients. 
 
High amplitude spoiler gradients however can cause eddy currents, concomitant 
magnetic fields, and gradient-induced vibrations [41].  The eddy currents are mainly 
generated by the switching gradients, can also interfere with spoiler gradients and reduce 
their de-phasing efficiency.  In our pulse sequence with 1024 even and odd switching 
gradients for 512 spectral sample points, the eddy currents are already high and it was 
best to remove the default spoiler gradients at the end of our sequence.  To test the effect 
of this modification, a brain metabolite phantom was scanned using water suppressed 3D 
ZJ-EPSI, once with default spoiler gradients and another time without them.  Figure ‎5.10 




gradient spoilers ON (b) and without gradient spoilers (a).  Removing the spoiler 
gradients from the end of our sequence improved the brain spectrum by eliminating phase 
distortions, line broadening, and signal deteriorations. 
 
Figure ‎5.10: The effect of excess spoiler gradients at the end of the 3D ZJ-EPSI sequence.  High 
amplitude spoiler gradients can cause eddy currents.  Eddy currents of switching gradients can 
affect the spoiler gradient performance and counteract its de-phasing purpose.  Note the poorer 
quality spectrum due to eddy currents and spoiler effects (b) relative to no spoiler gradients 
interactions (a).  
 
5.6 Adjusting the CSF suppression RF-180º pulse 
Principal component analysis (PCA) [26-28] of high resolution non-water suppressed 
proton EPCSI already showed that the first principal component (PC) corresponds to 
water density and the second PC corresponds to the linewidth, if cerebral spinal fluid 
(CSF) signal is saturated [42].  The method of choice for CSF saturation is to use an 
inversion RF pulse at an exact time (Ti) prior to the excitation RF pulse.  Calculating the 
exact Ti time is imperative for proper suppression of CSF as well as correct calculation of 
remaining tissue magnetization in the z direction at Ti.  In steady state the magnetization 
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Bloch equation describes the longitudinal magnetization (Mz) recovery at time t after a 
pulse, as in equation ‎5.13, where M0 is initial magnetization and Mz(0
+) is the longitudinal 
magnetization immediately after the (inversion) pulse. 
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In steady state, post 180º RF pulse, equation ‎5.13 turns into equation ‎5.14. 
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Combining equation ‎5.12 and ‎5.14 gives equation ‎5.15, which must be set to zero at Ti 
time to cancel CSF.  
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T1 relaxation of human CSF was calculated to be 3120 ms at 3T from a post mortem 
human brain.  Using experimental parameters for high spatial resolution 3D ZJ-EPSI as 
described in chapter 7, with TR=1500 ms, equation ‎5.16 determines that the inversion RF 
pulse has to be Ti (CSF)=660.7 ms prior to the excitation RF pulse.  At Ti time, the 
percentage of residual longitudinal magnetization of tissue “a”, using equation ‎5.15 can be 
calculated as shown in equation ‎5.17. 
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Assuming T1 relaxations of white matter (WM), grey matter (GM), and blood to be 1010, 
1200, and 1550 ms respectively, equation ‎5.17 indicates that at Ti=660.7, CSF is 
suppressed while there is 15% white matter, 10% grey matter, and 5% blood is remaining.  
This can be illustrated in Figure ‎5.11, which the first PC score map of the visual cortex of 
human brain represented the water density of the brain.  The intensity of the 1st PC map 





Figure ‎5.11: The first five principal components and the map of 1st PC in human brain.  Non-
water suppressed high resolution 3D ZJ-EPSI was acquired with CSF suppression in visual cortex 
of human brain with 0.008 cc spatial resolution.  Principal component analysis was performed 
inside brain voxels only, excluding the surrounding tissues as described in chapter 7.  First PC 
score map represented the water density of the brain tissues which is the highest in white matter 
according to the numerical example of equation ‎5.17.  
 






Chapter 6 : VALIDATION AND 
VERIFICATIONS 
6.1 Introduction 
In this chapter the 3D ZJ-EPSI sequence gets tested and verified in series of in vitro and 
in vivo studies.  The first test is to make sure the 3D ZJ-EPSI is reconstructed properly in 
space and the spectroscopic data matches properly with underlying structural images.  
The second test is to obtain water suppressed data using 3D ZJ-EPSI from a brain 
metabolite containing phantom and check for the integrity of the peaks by comparing to 
the conventional chemical shift imaging spectra obtained from the same phantom and the 
same location in 16 to 32 times longer in scan durations depending on the acquisition 
matrix used.  The third and fourth experiments are presented to validate the in vivo 
results in human brain, only using 3D ZJ-EPSI with standard and high spatial resolutions.  
The last section discusses water suppressed brain spectra obtained from six volunteers 




6.2 in vitro Validation Test # 1: Registration 
The spectroscopic data from this sequence was studied using 3DiCSI software because of 
its non-Cartesian k-space trajectory and the way the samples are organized in the data file 
as described in previous chapters.  Philips Healthcare calibration phantom 
(452213095950/054657W) containing 1000 ml demi water, 770 mg CuSO4.5H2O, 1 ml 
arquad (1% solution), and 0.15 ml H2SO4-0.1N solution was used for testing the 
registration of the waterline spectra to the images.  The phantom was imaged using 3D 
T1-weighted MPRAGE sequence with 1x1x1 mm3 spatial resolution and 4:51 min.  Non-
water suppressed 3D ZJ-EPSI was then acquired (Figure ‎6.1) in an oblique plane for 
validation purposes using the following parameters: TR = 2400 ms, FOV = 128×128×12 
mm3, voxel size = 2×2×2 mm3, Spectral bandwidth = 700 Hz, samples = 128, CSF 
suppression 180º RF pulse, scan duration = 15:31 min. 
 
Figure ‎6.1: Planning of the high resolution 3D ZJ-EPSI on MPRAGE image for validation 
purposes.  Six slices of non-water suppressed 3D ZJ-EPSI was acquired on a liquid containing 
calibration phantom to check whether the water signal corresponds to the liquid containing 






A sample slice through the calibration phantom and two selected voxels are shown 
in Figure ‎6.2. There was no water peak in the area of the phantom with no liquid 
(Figure ‎6.2a) and the water peak followed the edge of the phantom structure as a 
validation for correct registration of the spectra to the image (Figure ‎6.2b).  The water 
peak is slightly dampened due to the CSF suppressing RF signal prior to the excitation.  
 
Figure ‎6.2: High resolution 3D ZJ-EPSI on liquid containing calibration phantom.  MPRAGE 
structural images were acquired for waterline spectroscopy prescription.  Six slices of non-water 
suppressed 3D ZJ-EPSI were acquired  to check whether the water signal corresponds to the liquid 
containing structure of the phantom. a: The signal was void outside the structure of the phantom. 






6.3 in vitro Validation Test # 2: Brain Phantom 
General Electric (GE Medical Systems, Milwaukee, WI, USA)  sphere brain phantom 
(#2152220) containing  98.11% (all values % by Wt) water, 0.68% Potassium phosphate 
monobasic, 0.234% L-glutamic acid, 0.225% Sodium hydroxide, 0.219% N-acetyl-L-
aspartic acid, 0.135% Myo-inositol (mI), 0.15% Creatine hydrate, 0.1% Sodium azide, 
0.05% Choline chloride, 0.05% DL-lactic acid, and 0.047% Magnavist was used for brain 
phantom spectra.   
Two experiments are presented with acquisition of the water-suppressed proton 
spectra: using conventional spectroscopy method of fast induction decay chemical shift 
imaging (3D FID-CSI), and the proposed 3D ZJ-EPSI method.  Both experiments were 
conducted in a in a whole body MR scanner (Philips Healthcare, Best, The Netherlands) 
supplied with a Sensitivity Encoding (SENSE) head coil operating in quadrature mode.  
Ten axial slices were placed in the center of the phantom according to Figure ‎6.3.  
 
Figure ‎6.3: Planning of the spectroscopy slices on the brain metabolite phantom.  Ten axial slices 
are acquired through the center of the phantom.  The shim box is placed in the center of the 
phantom while avoiding the air from any regions outside of the phantom due to susceptibility 
errors in the shim calculations.  A nominal voxel from the 3D spectroscopic matrix is selected for 




In the post processing step, using 3DiCSI software [34], the residual water peak 
was removed from the spectra.  All spectra were then zero filled to 1000 points, then a 
3 Hz Lorentzian smoothing filter was applied to the time series.  In frequency domain, 
zero and first order phase correction was performed and the N-acetyl-aspartate (NAA) 
peak was assigned to 2.02 ppm as spectral alignment referencing point.Brain 
Phantom, Conventional 3D FID-CSI vs. 3D 
ZJ-EPSIBrain metabolite phantom was scanned using the conventional 
3D fast induction decay chemical shift imaging (3D FID-CSI) with the following 
parameters: TR/TEˊ = 1500/2.2 ms (where TEˊ is the time to acquisition), FOV = 
240×240×60 mm3, voxel size = 15×15×6 mm3, spectral bandwidth = 1400 Hz, 512 samples, 
elliptical k-space shutter = ON, scan duration = 56:34 min.  The total scan time is 
reduced due to “elliptical k-space shutter” that reduces the k-space sampling region.  On 
the other hand, the scan duration is increased by eight minutes due to the acquisition of 
non-water suppressed spectra with half spatial resolution (e.g. 8×8×5 in this setting), for 
calibration and further quantification purposes.  The resulting spectrum obtained from a 
middle voxel (shown in Figure ‎6.3) is displayed in Figure ‎6.4-top.   
 The brain metabolite phantom was also scanned on the same exact region, using 
the proposed 3D ZJ-EPSI sequence with the following parameters: TR/TEˊ = 
1500/0.7 ms (where TEˊ is the time to acquisition), FOV = 240×240×60 mm3, voxel 
size = 15×15×6 mm3, spectral bandwidth = 1400 Hz, 512 samples per even and odd 
gradient plateau, slice oversampling factor = default, scan duration = 5:16 min.  The scan 
time was increased due to the “sliceoversampling factor” which was set to the default 
value of 1.28.  This effectively increased the number of Z-direction encoding, resulting in 




beginning of the study to reach equilibrium added extra few seconds.  The actual scan 
time for ten slices (with sliceoversampling factor set to one), was 4:04 min compared with 
64 minutes for FID-CSI (with full k-space sampling and without non-water suppressed 
data acquisition).  The resulting spectrum obtained from a nominal voxel (shown in 
Figure ‎6.3) is displayed in Figure ‎6.4-bottom. 
The SNR of the conventional MRS is positively proportional to the square root of 
the number of phase encodings.  Since the 3D ZJ-EPSI has skipped one spatial phase 
encoding due to its combined spatio-spectral encoding scheme, for an acquisition matrix of 
16×16×10, we expect to have SNR-FIDCSI = 4 × SNR-ZJEPSI as it can be seen in 
Figure ‎6.4.  Despite the lower SNR, the 3D ZJ-EPSI’s overall quality matches with that of 








Figure ‎6.4: Water suppressed spectrum of the brain metabolite phantom using conventional MRS 
and 3D-ZJ-EPSI.  (top): Water suppressed 3D fast induction decay chemical shift imaging (3D 
FID-CSI) acquired with TR/TEˊ = 1500/2.2 ms (where TEˊ is the time to acquisition), FOV = 
240×240×60 mm3, voxel size = 15×15×6 mm3, spectral bandwidth = 1400 Hz, 512 samples in a 
nominal voxel shown in (Figure ‎6.3)  in 56:34 min.  (bottom): Water suppressed 3D ZJ-EPSI 
acquired from the same voxel and the same spatial resolution in 5:16 min. 
 
 
6.4 in vivo Validation Test # 3: Human Brain  
In this section, we validate the 3D ZJ-EPSI sequence by acquiring MRS on human brain 
in-vivo and compare it with typical spectra acquired by conventional spectroscopic 
imaging methods such as single voxel spectroscopy and 2D-MRSI.  Ten axial slices were 
prescribed as shown in Figure ‎6.5 on a human brain, using a whole body MR scanner 
(Philips Healthcare, Best, The Netherlands) equipped with a SENSE head coil working in 
quadrature mode with the following parameters: TR/TEˊ = 1500/0.7 ms (where TEˊ is 




bandwidth = 1400 Hz, 512 spectral samples (1024 even and odd gradient plateaus), slice 
oversampling factor = default, scan duration = 5:16 min.  Ten REST slabs were 
prescribed around the skull to cancel out the subcutaneous lipid signal, two in inferior and 
superior of the brain, and eight in the axial plane. 
 
Figure ‎6.5: Illustration of the 3D ZJ-EPSI prescription on the human brain.  Ten axial slices are 
acquired through the center of the brain.  The shim box is placed in the center of the brain 
avoiding the nasal sinus cavities.  Two REST slabs (shown on sagittal image) are placed inferior 
and superior to the brain, covering the sinuses and the subcutaneous lipid of the skull respectively.  
Ten more REST slabs are placed in the axial plane, covering the lipids from the skull. 
To demonstrate the relative positioning of the REST slabs to the brain, we 
acquired 35 axial slices of T2-weighted structural images with thickness = 4 mm, and scan 





Figure ‎6.6: Prescription of the axial REST slabs around the brain.  Axial T2W with thk = 4 mm 
show the area of coverage in different slices in the foot-head direction.  Shimming is performed in 
the middle of each slice (square) excluding the nasal sinuses. 
 
The raw data were transferred to the processing PC and analyzed using the 3DiCSI 
software [34].  The residual water was suppressed from the spectra using a Guassian filter 




was then applied.  Peaks of Creatine and Choline were then phased properly with a 0th 
order phasing mechanism followed by a first order phasing application to correct the 
phase of NAA peak.  The NAA peak was then centered at 2.02 ppm.  As it is illustrated 
in Figure ‎6.7, the main metabolite peaks are clear for a nominal voxel in the brain.   
 
Figure ‎6.7: Water-suppressed 3D ZJ-EPSI brain spectra with 15×15×6 mm3 spatial resolution. 
Thirteen axial slices were acquired with the following parameters: TR/TEˊ = 1500/0.7 ms, FOV 
= 240×240×60 mm3, Matrix = 16×16×10, spectral bandwidth = 1400 Hz, 512 samples per even 
and odd gradient plateau, scan duration = 5:16 min.  The residual water was removed using a 
Gaussian filter, zero filled to 1000 points, smoothed with a 3 Hz Lorentzian filter, phased and 
centered at 2.02 ppm for NAA peak in 3DiCSI software. 
 
To show the 3D nature of the acquisition, two adjacent slices with their corresponding 2D 
spectral grid with spatial resolution of 15×15×6 mm3 are shown in Figure ‎6.8 with 
distinguishable NAA, Cr, and Cho peaks.  The signal from the corner voxels are distorted 





Figure ‎6.8: Two adjacent slices showing water-suppressed 3D ZJ-EPSI spectra in the brain.  Brain 
metabolite spectra in a matrix of 16×16×10 for two adjacent slices are overlaid on MPRAGE 
anatomical images.  Three main metabolite peaks (NAA, Cr, and Cho) are visible in each voxel.  
The corner voxels’ spectra are affected due to the placement of REST slabs to saturate the lipid 
signals as demonstrated in Figure ‎6.6. 
 
Higher spatial resolution 3D ZJ-EPSI was acquired in-vivo from human brain with 
the following parameters: TR/TEˊ = 1500/1.2 ms, FOV = 240×240×60 mm3, voxel 
size = 7.5×7.5×6 mm3, spectral bandwidth = 1000 Hz, 512 samples per even and odd 
gradient plateau, slice oversampling factor = 1, scan duration = 8:04 min.  A nominal 
voxel in the white matter with the corresponding spectrum is shown in Figure ‎6.9.  To 
make a direct comparison between the spectra acquired with two different spatial 
resolution (15×15×6 mm3 vs. 7.5×7.5×6 mm3), a voxel in white matter was compared 





Figure ‎6.9: Water-suppressed 3D ZJ-EPSI brain spectra with 7.5×7.5×6 mm3 spatial resolution.  
Ten axial slices were acquired with the following parameters: TR/TEˊ = 1500/1.2 ms, FOV = 
240×240×60 mm3, Matrix = 32×32×10, spectral bandwidth = 1000 Hz, 512 samples per even and 
odd gradient plateau, scan duration = 8:04 min.  The residual water was removed using a 
Gaussian filter, zero filled to 1000 points, smoothed with a 6 Hz Lorentzian filter, phased and 
centered at 2.02 ppm for NAA peak in 3DiCSI software. 
 
All post processing in 3DiCSI software included removal of residua water signal 
from the spectra using a Sodano Guassian filter[44], zero filling to 1000 points, smoothing 
Lorentzian filter of 3 Hz, spectra phase adjustment and centering around NAA peak at 
2.02 ppm.  The resulting spectra in Figure ‎6.10 demonstrate that for a nominal high 
spatial resolution voxel, the three main metabolite peaks of NAA, Cr, and Cho are 
quantifiable.  The SNR with the higher spatial resolution of 7.5×7.5×6 mm3 is lower about 





Figure ‎6.10: Comparison of high and low spatial resolution 3D ZJ-EPSI brain spectra.  Water 
suppressed spectrum with spatial resolution of 15×15×6 mm3 in the white matter of human brain 
(top) is compared with the same location voxel with spatial resolution of 7.5×7.5×6 mm3 
(bottom).  For both spectra the following post processing procedures were applied: residual water 
was removed using a Gaussian filter, spectra were zero filled to 1000 points, smoothed with a 3 Hz 
Lorentzian filter, phased and centered at 2.02 ppm for NAA peak in 3DiCSI software.  Higher 
SNR in the top spectrum is mostly due to four times larger volume at each voxel.  
 
Metabolic maps could be generated for each slice of the 3D data showing the overall 
distribution of different metabolites in the brain.  Figure ‎6.11 demonstrates such map for 
Cr, Cho, and NAA peaks in the brain for two slices.  As it can be seen in the first column, 




The extreme intensities on the skull stem from the lipid fluctuations and should be 
ignored in the map. 
 
Figure ‎6.11: Main metabolic maps acquired with 3D ZJ-EPSI.  The peak area of Cr, Cho, and 
NAA for two adjacent slices (top and bottom rows) are shown.  The data is based on a water 
suppressed acquisition with spatial resolution of 15×15×6 mm3 described earlier in this chapter.  
The Cr metabolic map shows higher intensity for Cr in the grey matter than in the white matter. 
6.4.1 in vivo Brain Metabolic Ratio in Volunteers 
Reproducibility study was performed on three subjects who repeated the 
acquisition of 3D ZJ-EPSI three times each.  Main metabolic ratios (NAA/Cr, NAA/Cho, 
Cho/Cr) were calculated for each volunteer in a white matter containing voxel as 
illustrated in Figure ‎6.10-top using peak integration in 3DiCSI software.  The mean and 
standard deviation of the metabolic ratios are summarized in Table ‎6.1.  Coefficients of 
variation (CV = standard deviation/mean) between repeated measurements were 




which is good.  The relatively larger standard deviation in the table belonged to NAA 
quantification and that stem from macro molecules and possible lipid contamination at or 
around 1.3 ppm which underestimated the measurement of the NAA peak.  The accuracy 
of the measurement could be increased by applying automatic peak fitting in the post 
processing step as well as developing more robust methods to cancel the subcutaneous 
lipid signal. 
Table ‎6.1. Reproducibility study in three subjects+ 
Subject Gender Age Cho/Cr NAA/Cr NAA/Cho 
1 F 30 0.62 ± 0.07 1.33 ± 0.03 2.17 ± 0.27 
2 F 30 0.62 ± 0.05 1.41 ± 0.08 2.28 ± 0.16 
3 M 27 0.59 ± 0.05 1.49 ± 0.22 2.53 ± 0.20 
 
+All the values reported are mean ± standard deviation.  Each subject was scanned three 
times.  The metabolic ratios are from a voxel in white matter as shown in Figure ‎6.10. 
 
To see the 3D ZJ-EPSI across volunteers, we scanned the brain of six healthy men 
and women, and calculated the main metabolic ratios shown in Table ‎6.2.  We then 
compared the averaged results to the values reported in a publication by Pelletier et al 
[46].  Even though the literature referenced here had a different acquisition technique 
(with TE=144 ms), the results were not statistically different than ours at a 95% 
confidence level.  The relatively larger ratios in the publication cited could be due to the 
transverse relaxation times of metabolites immediately following an excitation RF pulse 
based on the following relation: 
 
      
 
  





The T2 relaxation times for Cho, Cr, and NAA in the human brain at 3T are reported as 
170 ms, 151 ms, and 262 ms [47] with variations for NAA values in the motor cortex 
compared to the white matter.   
Table ‎6.2. List of subjects and their brain metabolic ratios 
Subject Gender Age Cho/Cr NAA/Cr NAA/Cho 
1a F 30 0.62 1.33 2.17 
2a F 30 0.62 1.41 2.28 
3a M 27 0.59 1.49 2.53 
4 F 26 0.62 1.24 2.19 
5 M 22 0.86 1.88 2.21 
6 M 24 0.80 1.50 1.87 
Average n = 6 26.5 ± 3.2 0.69 ± 0.12 1.48 ± 0.22 2.21 ± 0.21 
D. Pelletier [46] n = 10 39.1 ± 9.4 0.90 ± 0.12  1.84 ± 0.13 2.09 ± 0.24 
aThe metabolic ratios are the average of three acquisitions for the same subject. 
 
6.5 Conclusion 
In this chapter we validated the 3D ZJ-EPSI sequence by demonstrating its utility in 
various in vitro and in vivo experiments.  The calibration phantom study showed that the 
non-water suppressed proton spectroscopy signals followed the structure of the liquid filled 
phantom and were void elsewhere.  The brain metabolite phantom experiments showed 
the similarity of the spectra obtained from 3D ZJ-EPSI and those of conventional FID 
CSI.  It also emphasized on the superiority of our method in terms of the acquisition time 
(4 min vs. 64 min for a 16x16x10 3D acquisition matrix).  The human brain studies were 
performed to practically show that this method can obtain quantifiable brain spectra in 
humans.  The metabolic ratio calculations of inter-subject and intra-subjects and the 




Chapter 7 : WATERLINE SHAPE 
STUDY USING HIGH RESOLUTION 3D 
ZJ-EPSI  
7.1 Introduction 
In this chapter we review the classic functional magnetic resonance imaging (fMRI) 
principles and the visual pathway in human brain.  Then the waterline shape is 
introduced and its behavior and properties are discussed based on 3D ZJ-EPSI pulse 
sequence.  Two visual experiments were acquired using non-water suppressed 3D ZJ-EPSI 
to examine the behavior of the waterline width in the primary visual cortex and compare 
it with the BOLD results.  In order to process the data using Oxford Center for 
Functional MRI of the Brain (FMRIB) Software Library (FSL), the 3D ZJ-EPSI data was 
converted to a standard Neuroimaging Informatics Technology Initiative (nifti) file 






7.2 fMRI Classic View 
The basic BOLD concept was introduced by Ogawa and others in the early 1990s [48, 49] 
and it has been used extensively to identify brain regions that have neural activity during 
certain tasks.  Initially these experiments used a temporal block design but soon after 
event-related designs became popular.  Almost all analyses assume a uniform coupling 
between changes in neural activity and BOLD signal changes based on a model of a 
homogeneously broadened water line shape of a certain width which changes with local 
deoxyhemoglobin (dHb) concentration [50, 51].  This model assumes a random 
distribution in the orientation of the blood vessels and capillaries in the brain.  In a 
gradient echo sequence, since the center of the k-space is sampled around echo time (TE), 
the signal contrast is then depends on an exponential defined as: 
  
 




Where T2* increases with decreasing deoxy-hemoglobin (dHb) because of a well-known 
paramagnetic character of dHb due to it unpaired electron spin.  This causes reduction in 
the local field inhomogeneities as the local dHb levels are reduced. Because fractional 
changes in local cerebral blood flow (CBF) are roughly twice the fractional changes in 
local CMRO2, an activation in a region leads to an oversupply of blood [52] and 
subsequent decrease in the local dHb levels leading to an increased BOLD signal following 
neural activation, particularly local field potentials as reviewed by Logothetis [53], 
although there are reports of negative BOLD signals [54] as well.  The mechanism 




7.3 Non-water suppressed 3D ZJ-EPSI 
The increase of T2* has a sharpening effect on the waterline shape.  Higher T2*, means 
that the local magnetic field is more homogeneous and the waterline shape is therefore  
 
Figure ‎7.1: Flowchart of fMRI signal intensity changes [23].  The neural activity change is 
associated with energy consumption in the brain followed by an increase in energy production.  
The primary method of energy production in the brain is Glucose oxidation which causes an 
increase of cerebral metabolic rate of Oxygen (CMRO2) and cerebral metabolic rate of Glucose 
(CMRGlc).  This in turn increases the cerebral blood flow (CBF) and cerebral blood volume 
(CBV) due to the fact that Oxygen and Glucose must be supplied from the blood stream. 
Because fractional changes in local CBF are roughly twice the fractional changes in local 
CMRO2, an activation in a region leads to an oversupply of blood and subsequent decrease in 






sharper (Figure ‎7.2).  Thus we expect that where there is neural activity, the waterline 
width should narrow.  This can be confirmed with non-water suppressed high resolution 
3D ZJ-EPSI observations.  
 
Figure ‎7.2: The increase neural activity and its effect on T2* and waterline shape. 
Increase of neural activity causes the CBF increase and subsequent decrease of paramagnetic 
dHb and increase of T2* (left).  This causes the waterline shape to become sharper as a result 
(right). 
7.4 Directional Visual Experiments 
7.4.1 Introduction 
The visual pathway has been extensively studied especially with fMRI [55-59].  This 
chapter discusses visual experiments that distinguish the hemispheric activation in human 
brain visual cortex and the role of the microvessels in the activated regions.  The classic 
visual pathway for the humans is described in Figure ‎7.3 which shows that stimuli at the 
sides of the visual field primarily activate a single hemisphere.  Four experiments with 
such visual stimuli (Error! Reference source not found.) targeting activation on only one 




1) Non-water suppressed 3D ZJ-EPSI with flickering checkerboard strip on the far left 
side of the visual field (LeftON) 
2) Non-water suppressed 3D ZJ-EPSI with flickering checkerboard strip on the far 
right side of the visual field (RightON) 
3) Classic fMRI BOLD acquisition with flickering checkerboard strip on the far left 
side of the visual field (LeftON). 
4) Classic fMRI BOLD acquisition with flickering checkerboard strip on the far right 
side of the visual field (RightON).    
   
 
Figure ‎7.3: Human visual pathway.  If the visual stimulus in only in the far right side of the visual 







7.4.2 Imaging Sequences and Scan Parameters 
All the images and spectroscopy were acquired on a whole body 3T Acheiva scanner 
(Philips Healthcare, Best, The Netherlands) using an 8 channel SENSE head coil in 
quadrature mode.  A high resolution 3D anatomical image with T1W contrast (MPRAGE) 
with an oblique angle to cover the visual cortex was acquired for anatomical referencing 
with the following parameters (Figure ‎7.4): FOV = 256x200x165 mm3, Matrix = 
256x256x165, Recon Voxel = 1x1x1 mm3, TR = 6.48 ms, Scan Technique = 3DTFE, 4:51 
min. 
 
Figure ‎7.4: Planning of the high resolution anatomical images. The 3D MPRAGE image with 
spatial resolution of 1x1x1 mm3 was centered at the primary visual cortex. 
 
 For the non-water suppressed 3D ZJ-EPSI, we wanted to make sure that the signal 
came from the tissue itself and not from the CSF surrounding the tissue.  To do this, we 
had an RF-180º inversion pulse along with the non-water suppressed 3D ZJ-EPSI pulse 
as described in chapter 5 to suppress the CSF.  The data was acquired from the primary 
visual cortex (Figure ‎7.5) with the following parameters: FOV = 128x128x20 mm, Matrix 




TR = 1500 ms, 180º research pre-pulse to cancel CSF: dur = 5ms, delay = 660.7 ms, 
Scan duration = 16:06 min.  
 
 
Figure ‎7.5: Planning of the 3D ZJ-EPSI scan.  The stack of slices with spatial resolution of 2x2x2 
mm3 was centered at the primary visual cortex.  
 
 The fMRI echo planar imaging sequence was then acquired (Figure ‎7.6) with the 
following parameters: FOV = 224x224x82 mm3, Matrix = 112x110x41, spatial resolution 
= 2x2.03x2 mm3, Single shot EPI, EPI factor = 59, TR/TE = 2000/20 ms, Flip angle = 
72, Dynamics = 190, Half scan = Yes, Half scan factor = 0.6, Fat Suppression = SPIR – 





Figure ‎7.6: Planning of the EPI images for the fMRI study. The center of the EPI slices with 
spatial resolution of 2x2x2 mm3 were placed on the primary visual cortex at the same coordinates 
of the 3D ZJ-EPSI and MPRAGE images. 
7.4.3 Paradigm and the Visual Stimulus 
The visual stimulus chosen for this experiment was of three forms of flickering 
checkerboards shown in Figure ‎7.7.  Each flickering checkerboard was either an eight-by-
two black and white checkerboard pattern (each tile was about 6.25x6.25 cm2) on either 
left or right side of the visual field (for LeftON and RightON experiment), or an eight-by-
eight checkerboard pattern covering the entire visual field (for AllON experiment), all of 
which flickered with 8 Hz frequency.  For the RightON, the stimulus was displayed on the 
far right side of the visual field and for the LeftON experiment; it was on the far left side 
of the visual field while the subject was inside the MR scanner in supine position using a 





Figure ‎7.7: The visual stimulus in directional visual experiment for 3D ZJ-EPSI.  During the 
LeftON experiment, the subject fixated on the middle cross while the flickering checkerboard was 
on the left side of the visual field. For the RightON experiment, the subject only fixated on the 
middle cross while the stimulus was played on the right side of the visual field.  For AllON 
experiment, the subject just looked at the center of the image. 
 
The paradigm for the fMRI LeftON experiment was a block design of 30s for LeftON 
stimulus and 30s of only black background.  Both conditions (fixation vs. stimulus) had a 
fixation cross in the middle of the field of view as we have shown in Figure ‎7.8.  The scan 
duration was 6:26 minutes allowing for 15 dynamics for each condition.  Similarly, for the 
fMRI RightON experiment, the stimulus was an alternating 30s of RightON stimulus and 
30s of black background with the middle fixation cross.  For the fMRI AllON experiment, 
the visual stimulus contained an alternating 30s of AllON stimulus and 30s of fixation 
with the middle fixation cross.  The subjects were instructed to fixate on the middle cross 
at all times.  This was necessary to get distinct hemispheric visual cortex activation.  
During the AllON flickering checkerboard stumuli, the subjects were instructed to focus 





Figure ‎7.8: The paradigm for LeftON fMRI experiment.  During the LeftON experiment, the 
subject fixated on the middle cross for 6:26 min while the LeftON flickering checkerboard 
alternated every 30 seconds with a fixation (resting) black screen. 
 
During the 3D ZJ-EPSI LeftON and RightON experiments, the subjects were instructed 
to only fixate at the middle cross during the entire acquisition period.  Unlike the fMRI 
experiment, during the 3D ZJ-EPSI there were no “fixation” slides presented during the 
visual stimulus and everything was a continuous LeftON, RightON, or AllON until the 
end.  Figure ‎7.9 shows the paradigm for the LeftON 3D ZJ-EPSI experiment where the 





Figure ‎7.9: The paradigm for LeftON 3D ZJ-EPSI experiment.  During the LeftON experiment, 
the subject fixated on the middle cross for 16:06 min while the leftON checkerboard was 
continuously flickering for the entire period.  There was no dark fixation slide.   
7.4.4 fMRI Data Analysis 
The EPI images as well as transformed spectroscopic images (as discussed in the next 
section) were processed on a Dell PC with 8 GB RAM, 3GHz Dual core Intel Centrino 
processor running Windows 7 Ultimate (64 bit) operating system.  The Oxford Center for 
Functional MRI if the Brain (FMRIB) software library, FSL (v 5.0.1, 
www.fmrib.ox.ac.uk/fsl), was installed on a Linux CentOS (v 6.3) virtual machine 
operated by VMware Player (version 5.0.1 build-894247).   
In FSL, the skull was removed from MPRAGE anatomical images using Brian 
Extraction tool (BET) with a 0.25 threshold.  The EPI images were motion corrected 
using MCFLIRT routine.  The co-registration of EPI to brain extracted MPRAGE images 




of MPRAGE images to the Standard MNI brain (MNI152-T1-1mm-brain) was performed 
with a nonlinear routine using 12 degrees of freedom and warp resolution of 10 mm.  
FMRI data processing for each subject’s two experiments were carried out using FEAT 
(fMRI Expert Analysis Tool version 6.00) tool in FSL. 
Higher level analysis (group analysis) was performed across 6 subjects and z 
statistic images were obtained using FLAME (FMRIB’s Local Analysis of Mixed Effects) 
stage 1 routine and thresholded using clusters determined by Z > 2.3 and a (corrected) 
cluster significance threshold of P = 0.05.  The thresholded activation images for the 
group analysis of LeftON and RightON experiments were then overlaid on the Standard 
MNI brain as shown in Figure ‎7.10 and Figure ‎7.11 respectively. 
 
Figure ‎7.10: The average thresholded activation images (Z > 2.3) for the group of 6 subjects 
during LeftON experiment overlaid on MNI standard brain.  The subjects fixated on the middle 
cross while the checkerboard strip was flickering with 8Hz frequency that resulted in activation of 





As expected, the LeftON stimulus resulted in more significant activation on the primary 
visual cortex in the right hemisphere and the RightON experiment stimulus caused more 
significant activation on the primary visual cortex in the left hemisphere.  The z-score 
maps were used to created binary masks for each condition.  These binary masks were 
then multiplied by the spectroscopic maps described in the following two sections for 
statistical analysis. 
 
Figure ‎7.11: The average thresholded activation images (Z > 2.3) for the group of 6 subjects 
during RightON experiment overlaid on MNI standard brain.  The subjects fixated on the middle 
cross while the checkerboard strip was flickering with 8Hz frequency that resulted activation of 





7.4.5 3D ZJ-EPSI Data Analysis in 3DiCSI 
The non-water suppressed 3D ZJ-EPSI data was processed using the in house 3DiCSI 
software [34].  For each of the ten slices acquired in the visual cortex, the brain containing 
voxels were manually selected using area selection tools provided in 3DiCSI software 
(Figure ‎7.12).  A mask was then created that would contain only the brain area across the 
10 slices.   
 
Figure ‎7.12: Brain selection and mask creation in 3DiCSI.  MPRAGE images with 1x1x1 mm3 
spatial resolution were used to image the brain.  Brain tissue borders was manually selected in all 
10 slices (corresponding to 3D ZJ-EPSI’s acquisition slices) and a mask was created in 3DiCSI 
software. 
 
The waterline spectra in the selected brain containing voxels were then phased, aligned 
across all voxels, and centered at 0 ppm.  Principal component analysis (PCA) [26-28] was 
then performed on the spectra from -0.5 ppm to 0.5 ppm, to cover the water peak.  First 
five PCs and their corresponding normalized eigenvalues were then obtained 
(Figure ‎7.13a).  The eigenvalue of each PC represented the fraction of total variation of 
data set explained by that PC.  The adjustment of the frequency and phase were then 





Figure ‎7.13: First five PCs and their corresponding normalized eigenvalues, obtained from (a) 
water spectra from the brain regions in 10 slices of non-water suppressed 3D ZJ-EPSI during 
LeftON visual experiment.  The phase and frequency were adjusted and PCs were updated in (b) 
with their corresponding PC score maps for the middle slice (c) and the frequency and phase 
correction coefficient map shown for the same slice (d). 
 
The first PC after the frequency and phase corrections, as we described in chapter 2.7, 
represented the general shape of the dataset (amplitude of the water peaks), and the 2nd 
PC represents the water linewidth of the dataset.  Figure ‎7.16 and Figure ‎7.14 show the 
1st PC score map overlaid on MPRAGE anatomical images for subject #1.  A voxel in 
WM, GM, and CSF is selected with its corresponding 1st PC map (middle row) and the 
waterline shape (bottom row).  According to equation ‎5.17, WM and GM had the highest 
remaining longitudinal magnetization percentage after a CSF suppressing pulse (for our 
specific scan parameters), and as a result, the 1st PC map shown in Figure ‎7.14 and 
Figure ‎5.11 resembled a structural brain image with highest intensity corresponding to the 





Figure ‎7.14: 1st PC map and the waterline example.  Three voxels (at the crossed lines) in the 
white matter (a), grey matter (b), and CSF(c) of the visual cortex in a subject are selected.  First 
row shows the location of the voxel in the MPRAGE anatomical image with 1x1x1 mm3 spatial 
resolution.  The second row shows the 1st PC map overlaid on the MPRAGE image, calculated 
from principal component analysis of the waterline data obtained from 3D ZJ-EPSI with 2x2x2 
mm3 spatial resolution and CSF suppression.  The bottom row shows the corresponding waterline 
data.  The 1st PC indicated the magnitude of the waterline peak. 
 
Figure ‎7.15 shows five out of ten slices of 1st PC map and their corresponding 





Figure ‎7.15: 1st PC map across five slices of 3D ZJ-EPSI.  The 1st PC map (bottom) with 2x2x2 
mm3 spatial resolution, followed the brain structure in MPRAGE image (top) with 1x1x1 mm3 
spatial resolution.  This characteristic was later used in FSL, where the 1st PC was registered to 
MPRAGE and the transformation matrix was applied to the 2nd PC map. 
 
For each visual stimulus experiment (LeftON and RightON) the 1st and the 2nd PC 
score maps across all ten slices of the 3D ZJ-EPSI for each subject were exported to their 
corresponding text files and imported into two Microsoft Excel (2010) sheets, one per 
experiment.  A MATLAB (Mathworks, Natick, MA, USA) script then imported the EPI 
file from the fMRI experiment to get the matrix dimensions numbers, created a zero-filled 
variable with the same dimensions of the EPI, read each PC score map data from Excel 




format suitable for FSL analysis software.  The final PC score maps in nifti format were 
named mrs-BOLDi.  This procedure was necessary for registration of the spectroscopy 
data (1st and 2nd PC maps) into high resolution anatomical (MPRAGE) images in FSL. 
7.4.6 3D ZJ-EPSI nifti Data Analysis in FSL 
The nifti file representing the 1st PC score map of the 3D ZJ-EPSI waterline data (that 
was generated in MATLAB as described in the previous section) was opened in FSL and 
registered to high resolution anatomical image, MPRAGE.  A transformation matrix was 
obtained.  Due to the fact that the ten slices of 2 mm thickness in the brain resembling 1st 
PC map of 3D ZJ-EPSI did not cover enough anatomy recognized by FSL, and also 
because of minimal head motion assumed between 3D ZJ-EPSI run and MPRAGE run, 
only three degrees of freedom (translation) was chosen when registering the 1st PC to 
MPRAGE.  The co-registration results was facilitated due to obtaining the 3D ZJ-EPSI 
and MPRAGE images from the exact same coordinates in the visual cortex, but assumed 
no head rotations during the runs (see Figure ‎7.17).  This assumption did not have an 







Figure ‎7.16: Overlay of 1st PC score map of the waterline spectroscopy data on high resolution 
anatomical MPRAGE image.  Using FSL’s normal search routine with 3 degrees of freedom, the 
spectroscopy 3D ZJ-EPSI waterline data in nifti format, was registered to the T1 weighted 
anatomical image. 
 
The 2nd PC map had to be studied across subjects in standard MNI space.  
Transformation of the 2nd PC map to the standard MNI space happened in four steps: 
1. The 1st PC map was registered to MPRAGE high resolution structural images. 
2. The transformation matrix (xfm1) of 1st PC registration to MPRAGE was applied 
to the 2nd PC image.  The resulting image was called PC2toHighres.   
3. MPRAGE anatomical image was registered to the MNI standard brain.   
4. The transformation matrix (xfm2) of MPRAGE registration to the standard brain 
was applied to PC2toHighres.  The resulting image was called PC2toStandard. 
These four steps effectively transformed the 2nd PC map into the standard MNI space.  





Figure ‎7.17: Steps of 2nd PC map transformation to Standard space.  In FSL, the 1st PC map of 
the non-water suppressed 3D ZJ-EPSI was registered to MPRAGE structural images.  The 
transformation matrix was then applied to the 2nd PC map and the result was named 
PC2toHighres.  The MPRAGE was registered to the standard brain and its transformation matrix 







7.4.7 2nd PC of 3D ZJ-EPSI Analysis-experiment 1 
There are multiple approaches to analyze the 2nd PC data acquired in this study.  We first 
present a simple case with the entire visual field stimulated, and then proceed to a more 
complex visual stimulus and analyses.  We start with the fMRI experiment which had the 
visual stimulus as AllON (30s of flickering checkerboard covering the entire visual field, 
and 30s of black background with fixation cross in the center).  The scan parameters were 
the same as LeftON and RightON experiments described in previous sections.  As we have 
shown in Figure ‎7.18, the AllON stimulus activated the visual cortex in both hemispheres 
in the fMRI experiment.   
 
Figure ‎7.18: BOLD activation map for AllON visual stimulus.  The Z>2.3 thresholded activation 
map is overlaid on the high resolution MPRAGE images.  Both brain hemispheres in the visual 
cortex are activated (every other slices are shown). 
 
The non-water suppressed 3D ZJ-EPSI was obtained with AllOFF stimulus (dark room, 
closed eyes) as well as AllON visual stimulus (continuous full visual field flickering 
checkerboard).  The scan parameters were similar to LeftON and RightON experiments 
except that there was no CSF suppression pulse.  This was to demonstrate the water 
linewidth behavior by using the 2nd PC score map.  Figure ‎7.19 displays the 2nd PC score 





Figure ‎7.19: 2nd PC score map for 3D ZJ-EPSI.  For AllOFF experiment (top row), the 2nd PC 
score map is displayed for every other slice corresponding to the brain shown in Figure ‎7.18.  For 
AllON experiment (bottom row), the 2nd PC score map is shown.  Note that the colorbar scales 
are not the same. 
 
For every slice, the non-zero average of the score maps for the entire brain region were 
calculated for each stimulus condition.  Figure ‎7.20 shows the results in each slice for the 
two conditions and the corresponding direction of change (green rectangles indicate an 
increase; black rectangles indicate a decrease).  A two-tailed paired t-test showed that the 
AllOFF and AllON averages of the 2nd PC scores were significantly different at each slice 
(30.33±3.35, 33.88±2.54, p = 0.013; mean±sd for all the values).  In the absence of the 
suppression pulse, the direction of the change of 2nd PC scores from AllOFF to AllON 
(neural activation) was positive.  This was expected as the CBF increase due to neural 
activation and the following reduction of the deoxy-hemoglobin, caused the increase of T2* 





Figure ‎7.20: 2nd PC score map for 3D ZJ-EPSI without CSF suppression.  The average 2nd PC 
scores in 10 slices were significantly different in AllOFF condition (dark room, eyes closed) versus 
the AllON condition (continuous flickering checkerboard in the entire field of view).  The green 
rectangles show the increase and the black rectangles show the decrease of 2nd PC scores from 
AllOFF to AllON.  During the ALLOn visual stimulus, the reduction of the paramagnetic deoxy-
hemoglobin narrows the water linewidth. 
 
7.4.8 2nd PC of 3D ZJ-EPSI Analysis-experiment 2 
In a more complex study, with the presence of a CSF/blood suppression pulse, we 
wanted to study the behavior of the waterline width and its relation with microvessels 
property during activation.  After a visual stimulus and its corresponding neural 
activation in the visual cortex, the CBF and CBV increase.  The suppression pulse cancels 




(dialation of microvessels) which will cause the reduction in parenchymal water content in 
the activation region as described by Van Zijl et al [61].  To confirm this, we use the non-
water suppressed 3D ZJ-EPSI data acquired during LeftON and RightON visual stimulus 
and look for the changes in the waterline shape.   
First, for LeftON and RightON experiments, we averaged the 2nd PC score across 
six subjects in FSL and showed the average 2nd PC map overlaid on the standard MNI 
brain, shown in Figure ‎7.21 and Figure ‎7.22 respectively.  The waterline narrowing was 
similar to the region of activation determined by BOLD.   
 
Figure ‎7.21: 2nd PC map of waterline 3D ZJ-EPSI dataset during LeftON visual stimulus (This is 
not a BOLD activation map).  In FSL, the 2nd PC map of the waterline data acquired by 3D ZJ-
EPSI is overlaid on the standard brain.  The LeftON visual stimulus, caused the waterline 
narrowing of the visual cortex.  Yellow is the higher intensity and red is the lower intensity. 
 
To compare the LeftON and RightON 2nd PC data as a whole, we created two binary 




We multiplied these masks by both datasets.  A two tailed t-test indicated that the 
averaged 2nd PC scores of the LeftON experiment on the right brain hemisphere was 
significantly different than the 2nd PC score of the RightON experiment on the right brain 
hemisphere (1.7±0.17, 2.8±1.03, p = 0.027).  Moreover, the averaged 2nd PC scores of the 
LeftON experiment on the left brain hemisphere was significantly different than the 2nd 
PC score of the RightON experiment on the left brain hemisphere (1.52±0.17, 2.54±0.9, p = 
0.021).  The change in 2nd PC could have been due to the water amplitude modulations 
because of the remaining parenchymal tissue after the suppression pulse.  Lower waterline 
peak mandates lower waterline width and that needs to be accounted for prior to any 
conclusions.   
 
Figure ‎7.22: 2nd PC map of waterline 3D ZJ-EPSI dataset during RightON visual stimulus (This is 
not a BOLD activation map).  In FSL, the 2nd PC map of the waterline data acquired by 3D ZJ-
EPSI is overlaid on the standard brain.  The RightON visual stimulus, caused the waterline 





 To account for the waterline amplitude modulations, we normalize our 2nd PC 
scores by the 1st PC scores and examine the data in activated regions determined by 
BOLD LeftON and RightON group analysis binary masks (for Z > 2.3).  A two tailed t-
test indicated that the averaged 2nd PC scores of the LeftON experiment on the right 
brain hemisphere was not significantly different than the 2nd PC score of the RightON 
experiment on the right brain hemisphere (p = 0.17).  Moreover, the averaged 2nd PC scores 
of the LeftON experiment on the left brain hemisphere was not significantly different than 
the 2nd PC score of the RightON experiment on the left brain hemisphere (p = 0.19).  These 
results were as we expected because the 2nd PC modulations we initially encountered were 
mostly due to the 1st PC modulations in the data, as the CSF suppression pulse caused 
the activation region’s remaining water content to be decreased due to increase in CBV. 
 Next, we look at the 1st PC changes in the activation regions.  Similar to the 2nd 
PC procedure, we examine the 1st PC modulations in the ipsilateral and contralateral 
regions of the brain.  A two tailed t-test indicated that the averaged 1st PC scores of the 
LeftON experiment on the right brain hemisphere was significantly different than the 1st  
PC score of the RightON experiment on the right brain hemisphere (37.26±17.49, 
38.86±17.68, p = 0.04).  Moreover, the averaged 1st PC scores of the LeftON experiment on 
the left brain hemisphere was relatively higher, but not significantly different than the 1st 
PC score of the RightON experiment on the left brain hemisphere (43.5±14.26, 





BOLD signal reflects the combined effect of many physiological parameters such as 
CMRO2, CBF, CBV, hematocrit, oxygen extraction ratio, and initial arterial oxygenation 
fraction.  Post neural activity, because fractional changes of CBF are greater than the 
fractional changes of CMRO2, the paramagnetic deoxy-hemoglobin decreases which causes 
the T2* decay time to increase.  For a non-water suppressed high resolution 3D ZJ-EPSI, 
this phenomenon translates into decrease of the waterline width which we confirmed with 
the 2nd PC score map increase for AllON and AllOFF experiement.  The water line shape 
in general, contains considerable amount of complex information about tissue 
characteristics and dynamic changes in the underlying tissue and more studies are needed 
to fully appreciate all the information contained in it.  
 The behavior Principal component analysis of the non-water suppressed 3D ZJ-
EPSI with 2x2x2 mm3 spatial resolution showed that the 1st PC representing the 
amplitude of the waterline peak, strongly agreed with the brain anatomical MPRAGE 
images as we expected.  Using FSL’s segmentation tool (FAST), we segmented our 1st PC 
data and compared the results to the segmentation done on high resolution (1x1x1 mm3) 





Figure ‎7.23: Brain segmentation using 1st PC map of waterline 3D ZJ-EPSI and MPRAGE.  a: 
using FSL’s FAST segmentation tool, the MPRAGE was segmented into three classes: White is 
white matter, red is grey matter, and blue is the CSF.  b: The 1st PC score map of the waterline 
3D ZJ-EPSI data (on a mask that contained partial of the brain) was segmented using the same 
parameters as the MPRAGE’s segmentation.  Rough estimations for WM, GM, and CSF using the 
1st PC score map of the waterline data, are visually in a good agreement with the MPRAGE’s 
segmentation. 
 
 The subjects’ eye movements inside the scanner during the 3D ZJ-EPSI (to ensure 
that they fixated on the presentation’s middle cross and did not look at the flickering 
checkerboard directly), were not monitored.  An eye-tracking device could be used for a 
better monitoring of the subjects’ compliance and thus a more robust activation maps.  




temperature changes were assumed insignificant during each scan time and also during the 
entire study that took 1.5 hours from the beginning to the end.   
The 180º CSF suppression pulse cancelled almost the entire blood signal from the 
larger vessels reduce to about 5% of their original longitudinal magnetization.  So, in the 
linewidth study using 2nd PC, unlike BOLD, the signal was biased towards microvessels 
and capillaries (Cerebral Blood Volume change) rather than large veins [61].  This is due 
to the fact that CBV increases in activated regions, and if we assume that the inversion 
pulse cancelled out the blood in larger veins as well as the dilated microvessels, the water 
signal obtained from underlying voxels came from the remaining parenchymal tissue 
content of those voxels after blood cancellations.  In effect, a blood suppression pulse can 
cancel the effects of CBF increment, and thus this method can be used for CBV 
measurements as the content of the remaining tissue water in the activation regions will 
inversely correlate with the amplitude of the waterline width or PC1.  In a normal 3D ZJ-
EPSI sequence, with no suppression pulse, if we acquired the non-water 3D ZJ-EPSI as we 
have shown in Figure ‎7.19, upon activation, we expect narrowing of the waterline width 
and thus a higher 2nd PC scores as shown in Figure ‎7.20.   
In the presence of the saturating CSF/blood pulse however, the behavior of the 
waterline width was dominantly determined by the water amplitude of the remaining 
parenchymal tissue, in the activated regions.  Upon examining the 1st PC in the activated 
region, we confirmed that the averaged 1st PC scores of the LeftON experiment on the 
right brain hemisphere was significantly different (and lower) than the 1st  PC score of the 
RightON experiment on the right brain hemisphere (37.26±17.49, 38.86±17.68, p = 0.04).  
But, the averaged 1st PC scores of the LeftON experiment on the left brain hemisphere 
was relatively higher, and not significantly different than the 1st PC score of the RightON 
experiment on the left brain hemisphere (43.5±14.26, 40.84±12.59, p = 0.169).  The can be 




brain hemispheres to long (16 min) visual stimulus [62, 63], and the slow decay of 
response in the excited regions.  The LeftON and RightON visual stimuli not only 
activated the expected visual cortex hemisphere, but they also partially activated the 
opposite hemisphere of activation region, as shown by BOLD in figure below. 
 
Figure ‎7.24: Partial activation of the brain during LeftON and RightON fMRI experiments.  
BOLD threshholded z scores for Z>2.3 are overlaid on the grey matter segmented brain for one 
subject.  a: During LeftON, part of the left brain hemisphere is also activated and during the 
RightON, part of the right hemisphere is also activated. 
 
Mandeville et al. [64], [65] also described the delayed response decay in animal CBV 
experiments and Van Zijl [61] showed comparable results in humans.  In our experiment, 
all the subjects first went through the RightON experiment for 16 min and immediately 
after, they started the LeftON experiment.  In RightON experiment with the suppression 




and thus smaller amount of remaining parenchymal tissue water).  According to the slow 
response decay theory, at the end of the RightON experiment, the left hemisphere‘s 
activated region recovers slowly.  If the LeftON experiment starts immediately, then the 
residual un-decayed response from the left hemisphere adds to the partial activation of the 
left hemisphere in the LeftON experiment and thus no significant in the mean activation 
is found.  
Registration of the 1st PC to MPRAGE anatomical images in FSL was done with 
only three degrees of freedom.  The rotation of the head was assumed to be insignificant.  
This assumption was valid because all the subject wore a noise blocking headphone and 
their head inside the head-coil was heavily padded, reducing any possible rotations in the 
left-right direction.  The only possibility for rotation was in foot-head direction which did 
not affect the outcome of distinguishing the activation in brain hemispheres. 
Water line shape in the brain tissue can contain complex anatomical and 
physiological information and full understanding of its behavior in fMRI studies requires 







Chapter 8 : CONCLUSION AND 
FUTURE DIRECTIONS 
In this thesis we demonstrated the pulse sequence development of the three dimensional 
zero J-modulation echo planar chemical shift imaging (3D ZJ-EPSI).  We described the 
properties of the gradients and other objects used in the pulse sequence.  We explored the 
interdependencies of scan parameters such as spatial resolution and spectral bandwidth 
and explored hardware and software limiting effects on setting up the boundary values for 
some of these variables.  We demonstrated series of experiments that lead to optimization 
of the CHESS water suppression pulses and REST slab efficiency for lipid suppression.  
Two extra rest slabs were programmed, one for the skull lipid suppression superior to the 
brain necessary in 3D techniques with thick FOV in the z direction, and one to cover the 
nasal sinuses to reduce the susceptibility artifacts pulsation effects.  We showed how 
removal of the standard spoiler gradients improved the spectral quality and showed 
calculations for cancelling out any metabolite in the brain (such as CSF) with an 
inversion pulse in steady state.  We introduced the pulse programming strategies and 
created a “patch” that integrated the pulse modification, new object definitions, gradient 
calculations, acquisition object setup, algorithms, and all the necessary alterations to the 




sequence under a “patched mode”.  We validated our “patch” on a 3T clinical scanner 
(Philips Healthcare, Best, The Netherlands) using series of in vitro and in vivo 
experiments.  Philips calibration phantom containing structures with and without aqueous 
solution was scanned using 3D ZJ-EPSI, and the water peak in the data followed the 
aqueous structures as we expected, validating the correct phase encodings in the sequence.  
A brain metabolite containing phantom was scanned with water suppressed 3D ZJ-EPSI 
with spatial resolution of 15x15x6 mm3 and 16x16x10 matrix in 4:04 min and the spectral 
quality was compared to conventional PRESS sequence with the same spatial resolution 
and matrix acquired in 64 min (Figure ‎6.4).  The 3D ZJ-EPSI with spatial resolution of 
7.5x7.5x6 mm3 and acquisition matrix of 32x32x10, was acquired in 8:04 min.  The 
matching conventional MRS technique theoretically takes 4 hours and 15 min using a TR 
= 1.5s.  Conventional MRS sequences in 3D exist in all major clinical scanners by default, 
but it is practically impossible to use them for in vivo and even some in vitro studies due 
to extremely long scan durations.  Our main goal has been to make this possible using 3D 
ZJ-EPSI with near zero time to acquisition and zero J-modulation effects.  The S/N of our 
method was sufficient to distinguish the main brain metabolic peaks: NAA, Cr, Cho, mI, 
and Glx as shown in Figure ‎6.4.  Metabolic maps could be generated for the brain to 
study the spatial variation of the metabolic concentrations in three dimensions (Figure ‎5.4 
and Figure ‎6.11).  This can have important applications in brain tumor classifications [66], 
brain tumors response to therapy [67], brain stroke (loss of NAA) [68-70], brain tumor 
(increased Cho as an indication of cell proliferation) [71-73], HIV brain infection (Cho and 
mI elevation and NAA reduction) [74-78], Alzheimer disease (large decrease in NAA and 
increase of mI) [12, 79-83], mild cognitive disease (increase of mI without the large 
decrease in NAA) [84-86]. The change of amplitude, phase, frequency, and linewidth of 
water signal could also be studied in tissues using principal component analysis [27].  In 




inversion pulse, the first principal component score map could distinguish GM, WM, and 
CSF as shown in Figure ‎7.15.  The water linewidth changes in the brain as depicted by 
the 2nd principal component of the spectral data, could be used to study complex 
neurological and physiological changes in the brain during activation and resting state.  
Other variations in the water signal could indicate additional complex physiological 
changes in the brain.  High spatial resolution 3D ZJ-EPSI provides an additional tool to 
study the brain and cognition further.  We propose the following future directions for this 
work. 
8.1 Sensitivity Encoded 3D ZJ-EPSI 
The Sensitivity encoded technique (SENSE) 3D ZJ-EPSI using phased array coils could 
be implemented to take advantage of reduced k-space sampling in phase encode directions 
and therefore reduced scan time even more.  Figure ‎8.1 shows the k-space diagram for a 
2D EPSI method that can be expanded to 3D by adding the extra Kz axis. 
 
Figure ‎8.1: Using SENSE in 2D EPSI [87].  (a) No SENSE factor was used. (b) SENSE factor of 2 
was used in phase encoding direction.  In effect, less number of k-space planes are acquired in 





Also, better SENSE coils with higher number of channels (such as a 96 channel head coil  
for 3T [88]) can be used for higher sensitivity [89]. 
8.2 Inversion Recovery Lipid Suppression 
In this project we have used ten regional saturation (REST) slabs to saturate the signals 
from lipids and fatty tissues.  Another method is to use a spectrally selective pulse to 
nutate the lipid signal (only) to the transverse plane, leaving the water signal intact in the 
longitudinal axis.  Then, using spoiler gradients in all three directions (in case of a 3D 
method) we could phase out the lipid signals in transverse plane and therefore prepare a 
pure water signal prior to the excitation RF and acquisition of MR spectra.  To design a 
spectrally selective pulse [90]we must center the resonance frequency to that of lipids.  
Assuming that the chemical shift difference between lipids and water signal is about 3.4 
ppm (4.7-1.3 ppm), at 3T this means that the water and lipid spectra are separated by 
434 Hz.  Assuming that the water center frequency is 127,716,940 Hz, we can set the 
carrier frequency of the RF pulse (i.e. a Sinc pulse) to be at 127,716,506 Hz and use a 
spectral bandwidth of about 500 Hz to only saturate the lipid without affecting the water 
signal.  Using three spoiler gradients in all three directions, the lipid signal is phased out 
completely, prior to the second excitation RF that only excites the remaining water signal 






Figure ‎8.2:  Lipid suppression sequence using a spectrally selective pulse.  The 90ºRF pulse 
centered at the lipid frequency will nutate the lipid signals from the longitudinal axis to the 
transverse plane, where three spoiler gradients phase out and cancel out the lipid signal.  After the 
2nd RF pulse (excitation pulse), the pure water signal with no lipid is excited.  This method is 
specifically effective for the FID based 3D ZJ-EPSI, where the time for lipid to recover can be less 




8.3 Tracing Gadolinium (Gd 3+) and preliminary 
data in Steak injected with Gd 
Gadolinium (Gd) contrast agent is a paramagnetic material that is used in clinical and 
basic research.  The unpaired electrons of Gd increases the rate of transfer of energy to 
the lattice, which shortens the T1 relaxation time.  Shorter T1 relaxation times translate 
into hyper-intense regions in a T1W image.  Gadolinium in T1W image is hyper-intense 
only when mixed with the water of its surrounding tissue.  Figure ‎8.3 shows a steak that 
was injected with 2 ml Gd in five sites.  The effect of Gd is indirectly measured by the 
hyperintense rim around the injected sites.  Non-water suppressed 3D ZJ-EPSI was 
acquired with 2x2x2 mm3 spatial resolution and principal component analysis of the water 
peak was calculated.  The 1st PC map overlaid on the T1W images indicated regions with 
drop in the magnitude of the water peak.  The paramagnetic Gd could disturb the 
magnetic field and cause the water signal amplitude to drop as depicted by the 1st PC 
reduction score map.  Figure ‎8.3 shows that the trace of diffused Gd could be picked up by 
the 1st PC score drop of the water line data using non-water suppressed 3D ZJ-EPSI.  
This method could potentially by used to study the line shape variation of the MR 





Figure ‎8.3: Tracing Gadolinium in vitro using non-water suppressed 3D ZJ-EPSI.  A beef steak 
was injected in 5 location with 2 ml Gadolinium.  T1 –weighted turbo spin echo image showed 
hyperintensity around the rim of the injected sites (a).  Waterline spectra was acquired using 3D 
ZJ-EPSI with 2x2 mm2 in plane resolution.  PCA indicated first five eigenvalues (c).  The map of 
the 1st PC was overlaid on the T1W image using 3DiCSI software (b).  The arrow indicates the 
regions of Gadolinium diffusion not picked up by T1W image. 
8.4 Other applications  
There are numerous other studies that take advantage of 3D localization of the 
spectroscopy data.  In a brain stroke, acute hypoxia causes the inhibition of Glucose 
oxidation and therefore the pyruvate-to-lactate energy production is engaged with results 
in an increase in lactate [10].  Lactate has a very short T2 relaxation time, as a result, 




lactate reliably and uniformly.  With near zero time to acquisition in 3D ZJ-EPSI, the 
lactate peak is captured before the T2* relaxation time decays the signal. 
 The water line width and frequency offset can be further studied to indicate micro-
vascular orientation in the brain or in tumors in a well shimmed magnet as reported by 
Fan et al. [91].  Also, Lauwers et al. [92] studied the cerebral microcirculation in the 
cortex and reported non-random orientations of the cortical capillaries.  We believe that 
we could study the microvessels in the brain further using a high resolution 3D-ZJEPSI. 
 Another application for this sequence is to study the heterogeneity of different 
tumors.  As we mentioned previously there are metabolic biomarkers in the tumors that 
indicate the responsiveness of the tumor to the standard chemotherapy and it is 
important to be able to segment the heterogeneous tumors properly based on the 
pathological information such that the prognostic conclusions drawn based on metabolic 
information remain accurate.  Figure ‎8.4 shows an ultra-high spatial resolution waterline 
on brain.  Waterline shape contains complex biological information that can be used for 
tissue characterization and specifically for brain tumor heterogeneity studies. 
 
Figure ‎8.4: The NWS data from 2D FID EPCSI acquired with 1 mm resolution.  High spatial 




3D ZJ-EPSI sequence opens the door for novel investigation of metabolic changes in 
clinical and basic research.  Its ultra-short acquisition time and no J-modulation property 
make this technique most suitable for human in vivo applications.  Specifically, brain 
spectroscopic imaging can be acquired in clinical settings within 4-8 minutes with 1-0.3 cc 
spatial resolution using water suppressed sequence, compared to 1-4 hours of impractical 
conventional spectroscopy techniques.  With non-water suppressed sequence, variations of 
waterline shape of different tissues in three spatial dimensions that contains a lot of 








1. American Cancer Society, A. Cancer Facts & Figures. 2011; Available from: 
http://www.cancer.org/Research/CancerFactsFigures/CancerFactsFigures/cancer-facts-figures-
2011. 
2. Mountford, C., et al., Proton spectroscopy provides accurate pathology on biopsy and in vivo. J 
Magn Reson Imaging, 2006. 24(3): p. 459-77. 
3. Arias-Mendoza, F., M.R. Smith, and T.R. Brown, Predicting treatment response in non-Hodgkin's 
lymphoma from the pretreatment tumor content of phosphoethanolamine plus phosphocholine. 
Acad Radiol, 2004. 11(4): p. 368-76. 
4. Hattingen, E., et al., Prognostic value of choline and creatine in WHO grade II gliomas. 
Neuroradiology, 2008. 50(9): p. 759-67. 
5. Bruhn, H., et al., Noninvasive differentiation of tumors with use of localized H-1 MR spectroscopy 
in vivo: initial experience in patients with cerebral tumors. Radiology, 1989. 172(2): p. 541-8. 
6. Du, W., et al., Comparison of high-resolution echo-planar spectroscopic imaging with 
conventional MR imaging of prostate tumors in mice. NMR Biomed, 2005. 18(5): p. 285-92. 
7. Wikipedia. Economics of MRI. 2012  [cited 2012 July 9]; Available from: 
http://en.wikipedia.org/wiki/Magnetic_resonance_imaging. 
8. Kaiser, L.G., et al., Age-related glutamate and glutamine concentration changes in normal 




9. Usenius, J.P., et al., Choline-containing compounds in human astrocytomas studied by 1H NMR 
spectroscopy in vivo and in vitro. J Neurochem, 1994. 63(4): p. 1538-43. 
10. Rehncrona, S., I. Rosen, and B.K. Siesjo, Brain lactic acidosis and ischemic cell damage: 1. 
Biochemistry and neurophysiology. J Cereb Blood Flow Metab, 1981. 1(3): p. 297-311. 
11. Doelken, M.T., et al., (1)H-MRS profile in MRI positive- versus MRI negative patients with 
temporal lobe epilepsy. Seizure, 2008. 17(6): p. 490-7. 
12. Soher, B.J., P.M. Doraiswamy, and H.C. Charles, A review of 1H MR spectroscopy findings in 
Alzheimer's disease. Neuroimaging Clin N Am, 2005. 15(4): p. 847-52, xi. 
13. Boesch, C., Musculoskeletal spectroscopy. J Magn Reson Imaging, 2007. 25(2): p. 321-38. 
14. Kim, D.H., et al., In vivo prostate magnetic resonance spectroscopic imaging using two-
dimensional J-resolved PRESS at 3 T. Magn Reson Med, 2005. 53(5): p. 1177-82. 
15. Meyerhoff, D.J., et al., Reduced brain N-acetylaspartate suggests neuronal loss in cognitively 
impaired human immunodeficiency virus-seropositive individuals: in vivo 1H magnetic resonance 
spectroscopic imaging. Neurology, 1993. 43(3 Pt 1): p. 509-15. 
16. Brown, T.R., B.M. Kincaid, and K. Ugurbil, NMR chemical shift imaging in three dimensions. Proc 
Natl Acad Sci U S A, 1982. 79(11): p. 3523-6. 
17. Duyn, J.H., et al., Multisection proton MR spectroscopic imaging of the brain. Radiology, 1993. 
188(1): p. 277-82. 
18. Duijn, J.H., et al., 3D phase encoding 1H spectroscopic imaging of human brain. Magn Reson 
Imaging, 1992. 10(2): p. 315-9. 
19. Mansfield, P., Spatial mapping of the chemical shift in NMR. Magn Reson Med, 1984. 1(3): p. 
370-86. 
20. Posse, S., et al., High speed 1H spectroscopic imaging in human brain by echo planar spatial-
spectral encoding. Magn Reson Med, 1995. 33(1): p. 34-40. 
21. Yablonskiy, D.A., et al., Homonuclear J coupling effects in volume localized NMR spectroscopy: 
pitfalls and solutions. Magn Reson Med, 1998. 39(2): p. 169-78. 





23. De Graaf, R.A., in vivo NMR Spectroscopy Principles and Techniques. Second ed. 2007: Wiley. 
220-222. 
24. Schick, F., et al., Lactate quantification by means of press spectroscopy--influence of refocusing 
pulses and timing scheme. Magn Reson Imaging, 1995. 13(2): p. 309-19. 
25. De Graaf, R.A., in vivo NMR Spectroscopy Principles and Techniques. Second ed. 2007: Wiley. 
322-323. 
26. Brown, T.R. and R. Stoyanova, NMR spectral quantitation by principal-component analysis. II. 
Determination of frequency and phase shifts. J Magn Reson B, 1996. 112(1): p. 32-43. 
27. Stoyanova, R. and T.R. Brown, NMR spectral quantitation by principal component analysis. NMR 
Biomed, 2001. 14(4): p. 271-7. 
28. Stoyanova, R. and T.R. Brown, NMR spectral quantitation by principal component analysis. III. A 
generalized procedure for determination of lineshape variations. J Magn Reson, 2002. 154(2): p. 
163-75. 
29. Ham, C.L., et al., Peripheral nerve stimulation during MRI: effects of high gradient amplitudes 
and switching rates. J Magn Reson Imaging, 1997. 7(5): p. 933-7. 
30. Reilly, J.P. and A.M. Diamant, Theoretical evaluation of peripheral nerve stimulation during MRI 
with an implanted spinal fusion stimulator. Magn Reson Imaging, 1997. 15(10): p. 1145-56. 
31. Sajda, P., et al., Nonnegative matrix factorization for rapid recovery of constituent spectra in 
magnetic resonance chemical shift imaging of the brain. IEEE Trans Med Imaging, 2004. 23(12): 
p. 1453-65. 
32. Sekihara, K. and H. Kohno, New reconstruction technique for echo-planar imaging to allow 
combined use of odd and even numbered echoes. Magn Reson Med, 1987. 5(5): p. 485-91. 
33. Bruder, H., et al., Image reconstruction for echo planar imaging with nonequidistant k-space 
sampling. Magn Reson Med, 1992. 23(2): p. 311-23. 
34. Zhao Q, P.P., Arias-Mendoza F, Stoyanova R, Brown TR, An interactive software for 3D chemical 
shift imaging data analysis and real time spectral localization and quantification. Proc. Intl. Soc. 
Magn. Res. Med. , 2005. 13: p. 2465. 
35. Gudino, N. and M.A. Griswold, Multi-Turn Transmit Coil to Increase B(1) Efficiency in Current 




36. van den Bergen, B., et al., Ultra fast electromagnetic field computations for RF multi-transmit 
techniques in high field MRI. Phys Med Biol, 2009. 54(5): p. 1253-64. 
37. Noworolski, S.M., et al., High spatial resolution 1H-MRSI and segmented MRI of cortical gray 
matter and subcortical white matter in three regions of the human brain. Magn Reson Med, 
1999. 41(1): p. 21-9. 
38. Ernst, T. and J. Hennig, Improved water suppression for localized in vivo 1H spectroscopy. J Magn 
Reson B, 1995. 106(2): p. 181-6. 
39. Dimand, R.J., E.M. Bradbury, and K.L. Cox, Determination of triacylglycerol lipase activity using 
carbon-13-labeled triacylglycerols and nuclear magnetic resonance spectroscopy: evidence that 
hepatic lipase hydrolyzes medium-chain triacylglycerols. Magn Reson Med, 1989. 9(2): p. 273-7. 
40. Haase, A., et al., FLASH imaging: rapid NMR imaging using low flip-angle pulses. 1986. J Magn 
Reson, 2011. 213(2): p. 533-41. 
41. Bernstein, M.A., Handbook of MRI Pulse Sequences. 2004: ELSEVIER. 356-357. 
42. Yang, Y., Sequence Development and Data Processing of Echo Planar Chemical Shift Imaging, 
2008. 
43. Haacke, E.M.e.a., Magnetic resonance imaging, physical principles and sequence design. 1999: 
John Wiley & Sons, Inc. p. 124-134. 
44. Sodano, P. and M. Delepierre, Clean and Efficient Suppression of the Water Signal in 
Multidimensional Nmr-Spectra. Journal of Magnetic Resonance Series A, 1993. 104(1): p. 88-92. 
45. Govindaraju, V., K. Young, and A.A. Maudsley, Proton NMR chemical shifts and coupling 
constants for brain metabolites. NMR Biomed, 2000. 13(3): p. 129-53. 
46. Pelletier, D., et al., 3-D echo planar (1)HMRS imaging in MS: metabolite comparison from 
supratentorial vs. central brain. Magn Reson Imaging, 2002. 20(8): p. 599-606. 
47. Traber, F., et al., 1H metabolite relaxation times at 3.0 tesla: Measurements of T1 and T2 values 
in normal brain and determination of regional differences in transverse relaxation. J Magn Reson 
Imaging, 2004. 19(5): p. 537-45. 
48. Ogawa, S., et al., Brain magnetic resonance imaging with contrast dependent on blood 




49. Ogawa, S., et al., Functional brain mapping by blood oxygenation level-dependent contrast 
magnetic resonance imaging. A comparison of signal characteristics with a biophysical model. 
Biophys J, 1993. 64(3): p. 803-12. 
50. Boxerman, J.L., et al., The intravascular contribution to fMRI signal change: Monte Carlo 
modeling and diffusion-weighted studies in vivo. Magn Reson Med, 1995. 34(1): p. 4-10. 
51. Belliveau, J.W., et al., Functional mapping of the human visual cortex by magnetic resonance 
imaging. Science, 1991. 254(5032): p. 716-9. 
52. Hoge, R.D., et al., Investigation of BOLD signal dependence on cerebral blood flow and oxygen 
consumption: the deoxyhemoglobin dilution model. Magn Reson Med, 1999. 42(5): p. 849-63. 
53. Logothetis, N.K., The neural basis of the blood-oxygen-level-dependent functional magnetic 
resonance imaging signal. Philos Trans R Soc Lond B Biol Sci, 2002. 357(1424): p. 1003-37. 
54. Schridde, U., et al., Negative BOLD with large increases in neuronal activity. Cereb Cortex, 2008. 
18(8): p. 1814-27. 
55. Morand, S., et al., Electrophysiological evidence for fast visual processing through the human 
koniocellular pathway when stimuli move. Cereb Cortex, 2000. 10(8): p. 817-25. 
56. Nakai, Y., [Spectral sensitivity of human visual pathway and its clinical application. Part I. 
Increment-threshold spectral sensitivity of the normal subjects (author's transl)]. Nihon Ganka 
Gakkai Zasshi, 1982. 86(2): p. 197-202. 
57. Regan, D. and K.I. Beverley, Looming detectors in the human visual pathway. Vision Res, 1978. 
18(4): p. 415-21. 
58. Rosiene, J., et al., Structure-function relationships in the human visual system using DTI, fMRI 
and visual field testing: pre- and post-operative assessments in patients with anterior visual 
pathway compression. Stud Health Technol Inform, 2006. 119: p. 464-6. 
59. Zhang, Y., et al., Magnetic resonance diffusion tensor imaging and diffusion tensor tractography 
of human visual pathway. Int J Ophthalmol, 2012. 5(4): p. 452-8. 
60. Dragoi, V., Chapter 15: Visual Processing: Cortical Pathways. 
61. Lu, H., et al., Functional magnetic resonance imaging based on changes in vascular space 
occupancy. Magn Reson Med, 2003. 50(2): p. 263-74. 
62. Fang, F., S.O. Murray, and S. He, Duration-dependent FMRI adaptation and distributed viewer-




63. Fang, F., et al., Orientation-tuned FMRI adaptation in human visual cortex. J Neurophysiol, 2005. 
94(6): p. 4188-95. 
64. Mandeville, J.B., et al., Dynamic functional imaging of relative cerebral blood volume during rat 
forepaw stimulation. Magn Reson Med, 1998. 39(4): p. 615-24. 
65. Leite, F.P., et al., Repeated fMRI using iron oxide contrast agent in awake, behaving macaques at 
3 Tesla. Neuroimage, 2002. 16(2): p. 283-94. 
66. Preul, M.C., et al., Accurate, noninvasive diagnosis of human brain tumors by using proton 
magnetic resonance spectroscopy. Nat Med, 1996. 2(3): p. 323-5. 
67. Bizzi, A., et al., Response of non-Hodgkin lymphoma to radiation therapy: early and long-term 
assessment with H-1 MR spectroscopic imaging. Radiology, 1995. 194(1): p. 271-6. 
68. Berkelbach van der Sprenkel, J.W., et al., Cerebral lactate detected by regional proton magnetic 
resonance spectroscopy in a patient with cerebral infarction. Stroke, 1988. 19(12): p. 1556-60. 
69. Barker, P.B., et al., Acute stroke: evaluation with serial proton MR spectroscopic imaging. 
Radiology, 1994. 192(3): p. 723-32. 
70. Gillard, J.H., et al., Proton MR spectroscopy in acute middle cerebral artery stroke. AJNR Am J 
Neuroradiol, 1996. 17(5): p. 873-86. 
71. Tamiya, T., et al., Proton magnetic resonance spectroscopy reflects cellular proliferative activity 
in astrocytomas. Neuroradiology, 2000. 42(5): p. 333-8. 
72. Shimizu, H., et al., Correlation between choline level measured by proton MR spectroscopy and 
Ki-67 labeling index in gliomas. AJNR Am J Neuroradiol, 2000. 21(4): p. 659-65. 
73. Guillevin, R., et al., Proton magnetic resonance spectroscopy predicts proliferative activity in 
diffuse low-grade gliomas. J Neurooncol, 2008. 87(2): p. 181-7. 
74. Chong, W.K., et al., Localized cerebral proton MR spectroscopy in HIV infection and AIDS. AJNR 
Am J Neuroradiol, 1994. 15(1): p. 21-5. 
75. Jarvik, J.G., et al., Proton MR spectroscopy of HIV-infected patients: characterization of 
abnormalities with imaging and clinical correlation. Radiology, 1993. 186(3): p. 739-44. 
76. Menon, D.K., et al., Proton MR spectroscopy and imaging of the brain in AIDS: evidence of 





77. Meyerhoff, J.L., et al., Kindling increases brain levels of NAAG and seizures reduce activity of a 
NAAG-hydrolyzing enzyme, NAALADase. Epilepsy Res Suppl, 1992. 8: p. 297-305. 
78. Salvan, A.M., et al., Atlas of brain proton magnetic resonance spectra. Part III: Viral infections. J 
Neuroradiol, 1999. 26(3): p. 154-61. 
79. Hsu, Y.Y., et al., Magnetic resonance imaging and magnetic resonance spectroscopy in 
dementias. J Geriatr Psychiatry Neurol, 2001. 14(3): p. 145-66. 
80. Kantarci, K., 1H magnetic resonance spectroscopy in dementia. Br J Radiol, 2007. 80 Spec No 2: 
p. S146-52. 
81. Kantarci, K., et al., 1H MR spectroscopy in common dementias. Neurology, 2004. 63(8): p. 1393-
8. 
82. Shonk, T.K., et al., Probable Alzheimer disease: diagnosis with proton MR spectroscopy. 
Radiology, 1995. 195(1): p. 65-72. 
83. Tedeschi, G., et al., Cortical and subcortical chemical pathology in Alzheimer's disease as 
assessed by multislice proton magnetic resonance spectroscopic imaging. Neurology, 1996. 
47(3): p. 696-704. 
84. den Heijer, T., et al., MR spectroscopy of brain white matter in the prediction of dementia. 
Neurology, 2006. 66(4): p. 540-4. 
85. Godbolt, A.K., et al., MRS shows abnormalities before symptoms in familial Alzheimer disease. 
Neurology, 2006. 66(5): p. 718-22. 
86. Kantarci, K., et al., Regional metabolic patterns in mild cognitive impairment and Alzheimer's 
disease: A 1H MRS study. Neurology, 2000. 55(2): p. 210-7. 
87. Lin, F.H., et al., Sensitivity-encoded (SENSE) proton echo-planar spectroscopic imaging (PEPSI) in 
the human brain. Magn Reson Med, 2007. 57(2): p. 249-57. 
88. Wiggins, G.C., et al., 96-Channel receive-only head coil for 3 Tesla: design optimization and 
evaluation. Magn Reson Med, 2009. 62(3): p. 754-62. 
89. Otazo, R., et al., Accelerated short-TE 3D proton echo-planar spectroscopic imaging using 2D-
SENSE with a 32-channel array coil. Magn Reson Med, 2007. 58(6): p. 1107-16. 




91. Fan, X., et al., Structure of the water resonance in small voxels in rat brain detected with high 
spectral and spatial resolution MRI. J Magn Reson Imaging, 2002. 16(5): p. 547-52. 
92. Lauwers, F., et al., Morphometry of the human cerebral cortex microcirculation: general 
characteristics and space-related profiles. Neuroimage, 2008. 39(3): p. 936-48. 
 
 
